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Scientists as well as the general public presently 
share great concern regarding nutrient accumulation in 
streams,lakes, rivers, and reservoirs and the subsequent 
growth of algae and other undesirable aquatic plants. 
In this process, the presence of nitrogen and its trans¬ 
formation into various reduced and oxidized forms are 
regarded as being of primary importance. Nitrogen occurs 
extracellularly primarily in three inorganic forms; ammonium, 
nitrite, and nitrate. Ammonium ions are positively charged 
f 
and migrate slowly in soils because the attractive forces 
of the negatively charged clays and organic colloids 
restrict their mobility. As long as nitrogen remains in 
the ammonium form, the possibility of nitrogen loss by 
leaching of water through the soil profile can be ignored. 
Typically, however, ammonium is converted to nitrate, a 
negatively charged ion, and in this form can move much 
more freely in the soil solution. Ammonium is converted 
to nitrate in a two step biochemical reaction: first, 
ammonium is converted to nitrite, and second, nitrite 
is oxidized to nitrate. 
Although the production of nitrite and nitrate is 
attributed largely to the two autotrophic genera of bacteria, 
Nitrosomonas and Nitrobacter respectively, a large heterotrophic 
population of soil microflora is also beginning to be 
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recognized as significant in these transformations. Many 
heterotrophs have been shown to oxidize ammonium to nitrite, 
though significantly fewer have been shown to produce 
nitrate. Most telling is that the amount of nitrate 
typically present in soil systems cannot be accounted 
for by either chemical transformation or the bioenergetics 
of autotrophic nitrifiers. Indeed, experimental evidence 
is accumulating that heterotrophic nitrification may occur 
as a ramification of other metabolic processes in soil 
microflora and that thus, adventitiously, heterotrophic 
nitrifiers as yet unidentified contribute to the inventory 
of oxidized nitrogen compounds present in soil systems. 
The objectives of this study accordingly were to 
determine the ecological origins of nitrogen compounds 
reaching local aquatic systems and to elucidate the bio¬ 
chemical pathways of nitrogen transformations among 




I. Ecological Studies 
The organisms considered to be central to aquatic 
nitrogen fixation are the blue-green algae as demonstrated 
by Hutchinson (26), Dugdale and Dugdale (14), and Kuznetsov 
(54). Hutchinson first established the nitrogen fixing 
capacity of the blue-green alga Anabaena in Linsley Pond 
(26). Krauss showed that the ability to fix nitrogen also 
occurs in other algal species: Nostoceae. Oscillatoriaceae. 
Scytonematoceae. and Rivulariaceae (31). In 1958 Kutnetsov 
reported that in Black Lake near Koscina the nitrogen¬ 
fixing activity of the blue-green algae exceeded that of 
the bacteria. He calculated that the total summer assimi¬ 
lation of nitrogen for the whole lake by a planktonic 
species of Anabaena was 13.1 Kg. nitrogen while Azotobacter 
assimilated only 0.14 Kg. nitrogen. Hutchinson and Gessner 
have reported similar findings (54). Since algae bloom 
seasonally, periods of peak nitrogen fixation might be 
anticipated. Dugdale and Dugdale (15) in studying the 
activities of the phytoplankton from May through September 
noted two periods of peak nitrogen fixation: one during 
a fall bloom and the other during a spring bloom. Co¬ 
incidental with these blooms were periods of peak nitrogen 
assimilation of all three inorganic nitrogen forms found 
in water systems, ammonium-nitrogen, nitrate-nitrogen, and 
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atmospheric-nitrogen. These data suggest that nitrogen 
fixation can occur at the same time that combined sources 
of nitrogen are being utilized, though usually the presence 
of ammonium inhibits nitrogen fixation (10). 
Nitrogen compounds also flow into lakes and ponds 
from the rivers and streams that feed them (54). These 
nitrogen compounds are usually in inorganic form as nitrate 
and ammonium. These occur as products of electrical dis¬ 
charges, terrestial decomposition, and volcanic eruptions. 
Rain water at Lunz contains on the average about 0.36 mg 
per liter of nitrate and ammonium nitrogen. This results 
in a contribution from the atmosphere of about 600 mg 
per square meter or 6 Kg. per hectare from a mean annual 
precipitation of 1650 mm (54). By far, however, the largest 
amount of nitrogen is added to the lakes and streams from 
agricultural fertilizers and the waste products of domestic 
consumption (32,42). When nitrogen fertilize^ was added 
to three newly excavated ponds, establishment of planktonic 
populations was followed by development of benthic com¬ 
munities (42). These developed most rapidly, and the 
biomass became greatest in the pond receiving the heaviest 
applications of nitrogen and phosphorous. The refuse in 
the watershed of Lake Tahoe adds 9.2 g of nitrogen per 
capita daily. The watershed that foods into the main body 
of water in the area carrios 45 mg/1 of nitrogen in various 
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inorganic forms (41). These inorganic and organic nitrogen 
compounds serve as the substrates for the various nitrogen 
transformations that take place in benthic communities. 
The major nitrogen transformations occuring in the 
benthos of aquatic systems are denitrification, nitrate 
reduction, nitrification, and ammonification (10). Since 
nitrification and denitrification actually alter the amount 
of nitrogen in the system these are the transformations 
with which workers have been largely concerned. Ammoni- 
fication and nitrate reduction alter the form of nitrogen 
compound present but without quantitative effect (10,54). 
Reduced forms of nitrogen, such as ammonium, when 
released in the presence of oxygen are immediately trans¬ 
formed into nitrate by the nitrifying bacteria (5). Ruttner 
states that the process takes place in aquatic systems 
just as it occurs in agricultural land. This would, therefore, 
primarily happen at the surface sediments of an oligotrophic 
* 
lake or even in a eutrophic lake at times of complete 
circulation. Because the supply of nutrients supporting 
life is rather limited in an oligotrophic lake, autotrophic 
bacteria survive much better in this environment, thereby 
resulting in the appearance of nitrate as the universal 
inorganic form of nitrogen from surface to bottom in these 
areas (54). Mortimer found that in the hypolimnion and 
sediment of Esthwaite Lake at oxygen concentrations below 
6 
2 ppm, there was a rapid depletion of nitrate (46), He 
concluded that nitrification takes place at the benthic 
surface rather than in the hypolimnion. He confirmed this 
by adding ammonium to impounded natural waters. Nitrate 
production did not occur until small amounts of mud were 
added (45). When the redox potential in the benthos falls 
below 0.4 MV, this region can no longer support oxidative 
processes. Under these conditions, oxidized anions such 
as nitrates may serve as alternate terminal electron 
acceptors, and the process is known as denitrification 
(46,47). Denitrification is the reduction of nitrate to 
the level of and its subsequent loss to the atmosphere. 
Coincidental with denitrification is the process of nitrate 
reduction. The difference between nitrate reduction and 
denitrification is significant since not only is nitrogen 
lost through denitrification, but successive products of 
nitrate reduction, such as nitrite and ammonium, may be 
recycled to form nitrate once again (47). 
II. Physiological Studies 
It is now generally accepted that autotrophic bacteria 
of the family Nitrobacteraceae are not the sole agents 
of nitrification (56). Reviews of the early literature 
by Barrett (7), Stephenson (60), and Waksman (64) mention 
scattered claims of heterotrophic organisms with the 
ability to effect nitrification reactions, but no conclusive 
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evidence had been presented until the work of Quastel and 
Scholefield (53) with pyruvic oxime in 1949. 
They observed that "the presence in soil of a group 
of organisms that can rapidly nitrify pyruvic oxime without 
the intervention of the autotroph Nitrosomonas points to 
the possibility that the process of nitrification in soil 
may not be wholly accomplished by the autotrophic organisms 
and that the intervention of heterotrophs bringing about 
a direct nitrification of organic compounds may take place." 
(53). Jensen (29) identified three different groups of 
organisms capable of producing nitrite from pyruvic oxime: 
24 strains of Nocardia corallina. 1 strain of Agrobacterium 
sp., and 3 strains of Alcaligenes spp. were listed. One 
species of N. corallina could nitrify up to 64% of the 
oxime-nitrogen in an organic salts solution; in peptone 
medium the microorganism converted the oxime at a rate of 
nitrite production which was parallel to that of cell 
»*• 
multiplication. In this study glucose inhibited nitrification 
by stimulating the synthesis of cell substance. Nocardia 
spp. ceased nitrifying at C:N ratios in excess of 20:1. 
Jensen also found the oxime of oxaloacetic acid could be 
nitrified in this manner by Alcaligenes spp. The yields, 
however, were far less than those of Nocardia spp. 
A new species of actinomycete, Streptomyces nitrificans. 
that oxidized ethyl urethane to nitrate was described by 
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Schatz et al. in 1954 (55). In cultures grown for 68 days 
on 0.2% (W/V) ethyl urethane, the culture produced only 
about 0.07 mg/ml nitrite-nitrogen. Bacteria were also 
found which produced nitrite. Fisher, Fisher, and Appleman 
(18) isolated sixteen Gram-negative or Gram-variable rod 
shaped bacteria which formed nitrite in soil extract and 
ammonium medium. Their isolates produced a maximum of 
about 10 mg/ml nitrite-nitrogen in 3 weeks. Hutton and 
Zobell (27) demonstrated that several methane oxidizing 
bacteria could convert ammonium chloride to nitrite in 
a defined medium. Although there is some doubt as to 
the validity of their data, they record that approximately 
20 mg/ml nitrite-nitrogen was produced during the first 
19 days of incubation. 
Not only ammonium and oxime compounds, but complex 
proteins, too, have served as the nitrogen source for 
oxidations to nitrite. Van Leghorn (63) observed that 
species of mycobacteria growing in media containing 
adequate quantities of required proteins produced moderate 
amounts of nitrite in the absence of any nitrate. The 
author postulated that this was due to thd secretion of 
a diastase which nitrifies proteins. This enzyme differs 
from the nitrate reductases normally present in many of 
these organisms. A simultaneous successive diastase then 
reduces the nitrite according to this worker. 
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In 1954 Schmidt reported the isolation of a soil 
fungus, Aspergillus flavus, which formed substantial concen¬ 
trations of nitrate when grown in yeast extract-peptone- 
glucose broth (56). Eylar and Schmidt later surveyed a 
total of 978 cultures of heterotrophic organisms isolated 
from twelve actively nitrifying soils (16). Though the 
capacity for nitrite formation appeared to be widely 
distributed among soil microorganisms, nitrate formation 
by heterotrophic organisms was limited to narrow segment 
of soil microflora. Aspergillus flavus accounted for all 
but one of the instances of nitrate formation observed in 
this survey. The later isolate which provided nitrification 
was bacterial, but because of inconsistent results the isolate 
was not further investigated. Nitrate production was 
maximum in complex growth media such as Casein, Protone, 
or yeast extracts while ammonium sulfate and urea provided 
good growth, but no nitrate. Because ammonium does appear 
in the peptone medium before the production of nitrate, 
it is psotulated that the complex medium provides for 
the synthesis of the appropriate enzymes for the nitrogen 
transformations. 
A later study by Schmidt confirmed the cultural 
conditions outlined in the initial study (57). Maximum 
growth and nitrification were achieved with 0.2% glucose 
medium with peptone in a concentration of 8 mg/ml. 
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Throughout the experiment the pH varied between 8.1 and 
8.6. Ammonium sulfate or yeast extract alone, or in 
combinations of the two, allowed for nitrate formation 
in the absence of peptone. These additives did not enhance 
nitrification in the presence of peptone. A low C:N ratio 
with a threshold somewhere near 4.8:1 provided good nitrate 
conversion. A study of pH showed that an initial pH of 
6.5 or higher was also associated with nitrate production: 
no nitrate accumulated if the pH was 6.0 or below during 
the early stages of growth. 
With the elucidation of culture methods which allowed 
for substantial nitrate production, the biosynthetic path¬ 
way of nitrate production by A. flavus was then investigated. 
Alexander (13,25,39) and Schmidt (8) have postulated the 
organic pathway to nitrate production. This pathway proposes 
partially oxidized nitrogen moieties bound to organic 
carrier compounds. In 1945 a product was isolated from 
cultures of a strain of A. flavus which was identified 
by Bush, Touster, and Brockman as beta-nitropropionic acid 
(BNP) (11). While Schmidt (56) first demonstrated that 
A. flavus can nitrify, Hirsch, Overrein, and Alexander (25) 
emphasized the importance of BNP as an intermediate in the 
nitrification sequence. They conjectured that a peroxidase 
may be active which could perform the reaction: 
no2 + (ch2-ch2-cooh)+ o2n-ch2-ch2-cooh 
peroxidase 
11 
Little (35) in 1957 had reported a horse radish 
peroxidase that released nitrite from 2-nitropropane and 
speculated that the enzyme will catalyze the oxidation 
of hydoxylamine. Alexander later proposed that, even though 
the peroxidase may not produce nitrite from BNP, it may 
serve as the catalyst for the oxidation of some other 
nitrogenous intermediate. 
•Marshall and Alexander (39) then confirmed the appearance 
of BNP in filtrates of the fungus, and its rapid conversion 
to nitrite by hyphal extracts. It was also found that 
B-alanine, the amino acid analogue of BNP served as a 
substrate for substantial nitrate production. Marshall 
then demonstrated that D-serine would inhibit nitrification 
by A. flavus in media containing either peptone, aspartate, 
o( -alanine, or B-alanine as the sole nitrogen source (38). 
Similarly, nitrification was inhibited by D-serine in an 
aspartate and peptone medium, but when B-alanine was substi¬ 
tuted for aspartate, exceptionally high yields of nitrate 
were observed. It was suggested that the mechanism involved 
was an inhibition of the decarboxylation of aspartate by 
D-serine. The author proposed that aspartate is a pre¬ 
cursor and B-alanine is an intermediate in the nitrification 
process by A.flavus. 
In a similar study with Penicillium atrovenetum, 
Shaw and Wang (59) demonstrate that B-alanine and aspartic 
12 
acid cannot be considered as potential precursors in the 
production of BNP, The authors suggest that since aspartic 
acid and ammonium chloride increase BNP production, the 
aspartic acid may enter into the synthesis as the carbon 
* 
skeleton of BNP. Reinforcing this hypothesis was the 
isolation of an aspartic acid cA-ketoglutarate transaminase 
from extracts of P, atrovenetum. This, together with the 
fact that no free ammonium was found in the medium with 
aspartate alone, substantiated the theory of aspartate 
serving as the carbon skeleton. 
While the pathway to BNP is not yet defined, its 
role as an intermediate in heterotrophic nitrification 
seems to be clear. In separate studies by Doxtader and 
Alexander (13) and Becker and Schmidt (8), it was demonstrated 
that this organic compound is either an intermediate in 
nitrate formation or is in equilibrium with a nitrate pre¬ 
cursor. Both studies showed an accumulation of BNP in 
growing cultures prior to nitrate appearance, then subse- 
* 
quent decreases in the nitro compound as nitrate appeared. 
The role of nitrite in the sequence, however, re'mains unclear. 
Marshall and Alexander (39) have shown cell free 
hyphal extracts to generate nitrite from BNP supplied to 
them, and Doxtader and Alexander (13) have separated strains 
of A. flavus which can oxidize nitrite to nitrate. Becker 
and Schmidt (8), working with uv induced mutants, found 
13 
that all the mutants investigated can convert BNP to nitrate, 
but only one transformed nitrite to nitrate. Thus, nitrite 
must be incorporated in the nitrate pathway in a step prior 
to BNP utilization. 
Aleem (1) has proposed an inorganic pathway which 
is quite similar to that investigated in the autotrophs. 
Aleem et al. (2) in 1964 reported that they had obtained 
cell free extracts of Aspergillus wentii that catalyze 
the transformation of ammonium to nitrate. Aleem*s report 
remains the only one published to date on heterotrophic 
conversion of ammonium to nitrate by cell free extracts. 
Extracts of A. wentii contained hydroxylamine, and nitrite 
although never in large amounts. The similarity between 
the A. wentii system and the autotrophic system is striking 
when it is observed that the addition of cytochrome c and 
nicotinamide adenine dinucleotide phosphate (NADP) greatly 
enhanced the oxidation of cell free ammonium. Divalent 
* 
copper, which increases the autotrophic oxidation of ammonium 
and hydroxylamine also stimulated the heterotrophic system. 
This parallels the action of Nitrosomonas europea: the 
differences between the fungal hydroxylamine-cytochrome c 
reductase and that in N. europea are that, according to 
Aleem, the autorophic enzyme has a pH optimum of 8.5 with 
very little activity at 6.5, while the optimum for the 
fungus is at 6.5; in addition the optimal concentration 
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of hydroxylamine for the fungal enzyme was higher (approxi- 
-2 
mately 10 M. ) than it was for the N, europea enzyme 
(5 x 10 ^M.). Similarly the fungal extracts contained 
a nitrite cytochrome c reductase system analogous to that 
of Nitrobacter agilis. Extracts of A. flavus and ]?. 
atrovenetum gave similar results to those produced by 
A.went!i. 
Recently Molina and Alexander (43) have demonstrated 
hyphal extracts of A. flavus formed nitrite and nitrate 
from BNP without the presence of cytochromes in the extract 
The reaction was found to be dependent upon the presence 
of oxygen. Nicotinamide adenine dinucleotide (NAD) or 
nicotinamide adenine dinucleotide phosphate (NADP) enhanced 
the production of nitrate, but did not affect nitrite 
production. The addition of NADPH to the extract did not 
decrease the amount of nitrate accumulation by the fungal 
extracts. Possible pathways of nitrification-from BNP 
were eludicated upon the basis of a Sephadex G 150 fraction 
ation. The authors reported the existence of two enzyme 
systems: (i) a nitrite peroxidase which was eluted rapidly 
from the column, none of this enzyme being present in late 
fractions that wert -able to generate nitrite and nitrate 
from BNP, and (ii) an enzyme system able to convert BNP 
to nitrite and nitrate. They concluded that nitrification 
effected by this fungus proceeds by an organic pathway 
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since, firstly, BNP disappears as nitrate accumulates in 
culture, and secondly, that the hyphae contain an enzyme 
system oxidizing BNP to nitrate. 
Though attention has largely been devoted to fungal 
nitrifiers, a number of reports have appeared on bacterial 
nitrifying heterotrophs. Gunner reported on a strain of 
Arthrobacter globiformis that converted ammonium to 
hydroxylamine, nitrite, and nitrate, and suggested that 
nitrous oxide might be an intermediate. 
Obaton, Amarger, and Alexander in 1968 described 
an isolate identified as a strain of Pseudomonas aeruginosa. 
which formed nitrite when incubated with acetaldoxime (49). 
They found that nitrite formation is not directly linked 
to growth since the most prodigious period of nitrite 
production occurs after the active growth phase. Extracts 
of the bacterium are active in this conversion. The 
addition of cofactors to the medium does not increase the 
slow rate of nitrite production when the enzyme preparation 
is provided with acetaldoxime. The enzyme system catalyzing 
nitrite formation from oxime solutions appear to be in¬ 
ducible. This heterotrophic oxidation of nitrogen appears 
to entail the stoichiometric production of nitrite from 
hydroxylamine released from the oxime compound. Thus it 
appears that the microorganism does not derive any energy 
from this series of oxidations as do the Nitrosomonas spp. 
which produce nitrite 
17 
MATERIALS AND METHODS 
I • Samples 
A. Benthic 
Random samples were taken from the Quabbin Reservoir 
(an oligotrophic lake) and Potaupog Pond (an eutrophic 
lake) biv/eekly during the summer period (June through 
August), monthly during the autumn and spring periods 
(September and October, and April and May) and bimonthly 
during the winter period (November through March). Benthic 
samples were obtained with an Ekman Dredge at depths of 
CP (shoreline), 5'-10», and 10'-15'. The boxlike holding 
part of the dredge measures 12" x 12" so that no more than 
three samples were required in a particular area. It has 
spring operated jaws on the bottom that must be manually 
cooked for each sample. Each sample yielded approximately 
1 kg wet weight of benthic material. At the top of the 
* 
dredge are two overlapping lids that are held partially 
open during descent by water passing through the sample 
compartment. The lids are held shut by water pressure 
when the sample is being retrieved. Only the benthic layer 
was entrapped within the jaws of the dredge when it was 
closed. The samples were immediately placed into plastic 




Fifty kg samples were obtained from local field 
soil plots on the University of Massachusetts farm which 
had not been fertilized recently and from local forest areas. 
They were collected in 25 gallon aluminum cans and stored 
in a cool, dark, moist room in Marshall Hall. 
II. Nitrification by Soil Perfusion 
The soil perfusion apparatus used followed the design 
of Lees and Quastel (33) as shown in Figure 1. This system 
allows the continuous percolation through a soil column 
of a metabolite whose transformation by the soil microflora 
is being studied. Daily aliquots may be withdrawn from 
the system and analyses conducted to indicate what changes 
have taken place in the original metabolite. 
In the studies on the nitrification of the benthos, 
50 g of benthic material was placed in the soil column and 
* 
amended with approximately 50 cc of shredded glass wool 
to assist aeration. The perfusion liquid contained 550 ml 
_3 
of an aqueous solution of 5 x 10 M (NH^)HPO^ adjusted 
to pH 7.0 by means of 0.1 M phosphate buffer. The controls 
excluded the benthic material, or the benthic sample was 
included and the ammonium perfusate was omitted. Samples 
of perfusate were collected daily and analyzed for ammonium, 
nitrite, and nitrate. 
For experimentation on the intermediates of hctorotrophic 
19 
Fig. 1 The soil perfusion apparatus 
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nitrification, 50 g of benthic material or soil was amended 
with approximately 50 cc of shredded glass wool in the 
soil column. The perfusion liquid again contained 550 ml 
of 0.1 M phosphate solution buffered to pH 7.0 and the 
following-organic nitrogen compounds were added singlely 
at a concentration of 1000 ug/ml: (a) acetamide, (b) 13- 
alanine, (c) cyclopentanome oxime, and (d) B-nitropropionic 
acid. Sodium acetate was added at concentrations of 5.0 
and 10.0 mg/ml respectively to assess the effect of an 
additional carbon substrate on the nitrification pattern 
in some of the perfusion apparatuses. Controls consisted 
of (a) a system with 5 x 10 M (HH^JHPO^ in place of the 
organic nitrogen source, (b) a chemical control without 
any soil in the perfusion column, and (c) a soil control 
without any metabolite in the perfusion fluid. All systems 
were analyzed for nitrite and nitrate at daily intervals. 
All components of the perfusion apparatus were 
sterilized by autoclaving at 15 lbs pressure, 121°C, for 
■M 
15 min prior to use. Solutions were added aseptically 
to each of the systems. The perfusion columns were run 
continuously for six days at room temperature (25-27°C) 
by means of vacuum pump or water flow suction. The solution 
in each system was sampled at daily intervals by means 
of sterile pipettes. 
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III. Reduction ar.d Denitrification in Still Culture 
Fifty c of benthic material were inoculated into an 
aqueous sclutior. containing 125 ug/nl NO~-N, 0.1 M phosphate 
buffer an pH “.C, 1» mannitol and trace elements (see 
Appendix) in £ replicate 1000 ml erlenmeyer flasks. The 
flanks vere incubated in still culture at room temperature 
(25—27°C) for 5 days. Ten ml samples from each flask were 
anal-.-net daily for pH, HH“-N, NO~-N, and N0~-N. Gas 
prococtico V5S qualitatively assessed by visual examination 
of bubble artearamoe in the denitrification solution. 
IV. Ir.slvmeal Technic-ges 
A. Cherseal ass ays 
1. toonia. tfessler's method for ammonia determi¬ 
nation van employed, according to the methods described 
by Allen (4). The complete procedure is given in the 
Appendix. By this technique free ammonium nitrogen is 
measured; (0 to 5 uM NH~-N) was used as the 
standard, and samples were read at 490 mu on the Bausch 
and bomb Cpectronic 20. When mixtures containing wholo 
cells were assayed, the cells wore removed by centrifugation 
before measuring absorption. Interference wan observed with 
glucose or other organic matter, which cauaed precipitation 
of the assay mixture. If the intervening subwtancea could 
not be removed by norite and subsequent f t Lira Mon of the 
sample, then the sample wan analyzed by the K;)C»ldahl dint 11- 
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lation technique. The method described by Allen (4) was 
followed except that no digestion mixture was added to 
the sample prior to distillation. 
2. Nitrite. The Greiss-Ilosvay method of Czaky 
(30) was followed, using sulfanilic acid, and alpha- 
napthylamine reagents (see Appendix). This assay is sensi¬ 
tive to 0.1 uM nitrite. Samples of the appropriate dilution 
were assayed and read against standards at 525 mu. When 
cells were present in the assay mixture, tubes were centri¬ 
fuged before the color was read. 
3. Hydroxylamine. The Novak and Wilson modification 
of the Blom Method was followed (48). Samples for 
hydroxylamine analysis were oxidized to nitrite with iodine 
acetate solution (1.3 g iodine dissolved in 100 ml glacial 
acetic acid) and treated in the same manner as samples 
assayed for nitrite. 
4. Nitrate. Two methods of nitrate assay were 
chosen for their sensitivity, quantitation, and repetition. 
» 
* 
The phenol-disulfonic acid method (24) was one of these, 
and it is described in the Appendix. The assay was not 
very sensitive (0 to 5 uM), but it was more reproducible 
than other methods. 
The other method employed was the Orion Specific 
Ion Electrode for nitrate. This method is based on the 
electropotentiometric difference between a standard nitrate 
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solution and the sample to be tested as conducted through 
an organic ion exchange resin (6,28). This method is 
sensitive from 0.2 to 10 uM nitrate. 
5. B-nitropropionic acid. Matsumoto's method 
for B-nitropropionic acid was employed (40). The complete 
procedure is given in the Appendix. This assay is sensi¬ 
tive to concentrations of 8.3 uM BNP. 
6.. Protein. 
a. The Biuret Method (20) was employed for 
determining concentrations of protein from 1 to 20 mg/ml. 
Readings were made 550 mu; bovine serum albumin was used 
as the standard. 
b. For quick protein estimations, absortion 
at 280 mu on a Beckman DB-G Spectrophotometer was employed. 
Bovine serum albumin was used as the standard. 
7. Total nitrogen. Total nitrogen was determined 
by Kjeldahl distillation studies employing sulfuric acid 
digestion and subsequent reaction with Devarda*s alloy, 
according to the method described by O. N. Allen (4). 
B. Microbiological assays 
1. Ennumeration and isolation of microorganisms. 
Counts of tho microfloral populations present in benthic 
and soil samples woro carried out by tho serial dilution 
technique. Platings were made in triplicate at dilutions 
—2 —8 
ranging from 10 for minimal medium to 10 for richer 
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medium. To prepare the dilutions, a 10 g sample of material 
was added to a dilution bottle containing 95 ml sterilized 
water and shaken vigorously for 2 min. Ten ml of this 
dilution was then transferred to a 90 ml sterilized water 
— 1 
blank and shaken. This process was repeated until a 10 
dilution was reached. At the appropriate dilution level 
(one giving approximately 30-300 colonies/plate), 0.1 ml 
was placed on to a sterile growth medium plate and dis¬ 
tributed evenly by means of a sterile glass spreading 
device. 
Total microfloral counts were made in benthic and 
soil samples from plates of yeast extract-peptone-glucose 
medium or Difco Nutrient Agar (see Appendix). For anaerobic 
populations plates were incubated in a nitrogen atmosphere 
at 26°C while for aerobic populations plates were incubated 
at room temperature (approximately 26°c). All plates were 
counted after 4 days incubation. The differentiation of 
**■ 
bacteria, actincmycetes, and fungi was based on cultural 
characteristics and microscopic examinations. The identi¬ 
fication of bacterial species was based upon cultural and 
morphological differences, microscopic examination, the 
Gram stain, and the flagella stain (37) as given in the 
Appendix. 
The benthic samples were further plated onto Morris 
Medium salts agar (see Appendix) with glucose as the carbon 
25 
source and with a variety of nitrogen sources to assess 
the numbers and types of microfloral species which arose 
in response to specific nitrogen containing compounds. 
The nitrogen sources employed were 0.1% nitrate-nitrogen 
as KNO^, 0.01% ammonium-nitrogen as (NH^HlPO^, and 0.01% 
nitrite-nitrogen as KNC^. Plates with no nitrogen source 
were also included. 
The isolation of heterotrophic nitrifiers was carried 
out in the same manner. Ten g of benthic material or soil 
from the perfusion devices were plated by serial dilution 
onto Morris Medium salts agar with the test organic nitrogen 
compound present at a concentration of 1000 ug/ml now 
serving as the sole source of carbon and nitrogen. The 
organic nitrogen sources tested were: (a) acetamide, 
(b) B-alanine, (c) cyclopentanome oxime, and (d) B- 
nitropropionic acid. An additional carbon source sodium 
acetate at concentrations of 5 and 10 mg/ml was provided 
in a parallel set of growth plates. Isolates taken from 
» 
growth medium plates were maintained on the growth medium 
from which they were isolated and on yeast extract-peptone- 
glucose agar slants. 
Ammonium oxidizers were counted by the Most Probable 
Number method (52). The Nitrosomonas medium (see Appendix) 
was pipetted into test tubes and each tube inoculated with 
a 1.0 ml dilution of benthic material and placed onto a 
* r 
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gyrorotary shaker for 2 weeks at 25°C. Ten tubes were 
inoculated for each dilution investigated. At the end 
of that period, each tube was assessed for nitrite pro¬ 
duction by the sulfanilic acid procedure. The number of 
ammonium oxidizers was then estimated by the use of the 
MPN chart. 
Heterotrophic nitrifiers once isolated were grown 
in yeast extract-peptone-glucose broth at 25°C on a 
gyrorotary shaker for 18 to 36 hrs, while Arthrobacter 
globiformis 616 was grown for 48 hrs under the above 
conditions prior to experimentation. Heterotrophic nitrifiers 
were also grown in Morris Medium salts varied with 0.2% 
BNP and 0.1% yeast extract. 
2. Growth and replacement culture studies. 
For growth and replacement studies, 100 ml of Morris Medium 
salts were placed into a 300 ml erlenmeyer flask with the 
appropriate substrate sterilized by autoclaving, and inoculum. 
These flasks were cultured on a gyrorotary shaker at 25°C 
and daily aliquots of 3-5 ml were taken to quantitate the 
amount of oxidized nitrogen products. 
After 18 to 48 hrs of growth cells were harvested 
by batch centrifugation in a Sorvall RC-2 refrigerated 
centrifuge at 25,500 G for 10 min. The supernatant fluid 
was discarded and the pellet was resuspended and washed 
3 times in 0.2 M phosphate buffer at pH 7.0. The resultant 
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< 
cell suspension was then quantitated against a standard 
cell dry weight curve and then used again for experimentation. 
3• Cell quantitation 
a. Dry weight determination. Suspensions to 
be weighed were thoroughly washed free of salts, adjusted 
to a known O.D. on the Bausch and Lomb Spectronic 20, and 
aliquots were removed to tared aluminum cups. Samples 
were dried for 48 hrs and weighed. 
b. Optical density. Cells were harvested 
after varied periods of grovjth, washed 3 times in 0.2 M 
phosphate buffer pH 7.0, and suspended to a known optical 
density. An aliquot of 0.1 ml was usually diluted in water 
to 5.0 ml and the turbidity measured on the Bausch and 
bomb Spectronic 20. This optical density could then be 
related to dry weight. 
4. Respirometric studies. Cells for respirometric 
studies were grown in shake culture for 48 hrs on a yeast 
>4. 
extract-peptone-glucose broth. They were harvested by 
batch centrifugation and washed 3 times in 0.2 M phosphate 
buffer at pH 7.0. Three ml of medium was placed into 
flask of a Gilson Microrespirometer and 0..5 ml of the cell 
suspension added. The medium consisted of Morris Medium 
salts and the carbon or nitrogen substrate whose oxidation 
was being neasured. The substrates employed were nitrite 
(100 ug/ml NO~-N), BNP (1000 ug/ml), propionic acid (1000 ug/ml). 
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B-propiolactone (1000 ug/ml), and nitrate (100 ug/ml NO -N). 
•J 
To the flask center wells was added 0.2 ml of 20% KOH to 
absorb The flasks were set into the apparatus with 
the termperature adjusted to 25°C and the instrument was 
allowed to equilibrate for 30 min before the experiment 
was initiated. Readings were taken at zero time and at 
30 min intervals for 120 min. Cell suspensions were then 
assayed for oxidized nitrogen products. 
5. Preparation of cell free extracts. Cell 
suspensions were harvested as previously described, and 
then broken in the French Pressure Cell (American Instrument 
Co., Silver Springs, Md.). Cell suspensions were forced 
through the press aperture at 20,000 psi. Satisfactory 
breakage was usually obtained with one passage. The broken 
1 4 
cell preparations were centrifuged at speeds of 1 x 10 
4 
to 2.5 x 10 G for 15 min to remove the remaining whole 
cells, and the supernatants and cell free extracts were 
retained. All operations were conducted in the cold (5°C) 
and cell preparations were kept refrigerated until used. 
6. Nitrification by cell free extracts of adapted 
and non-adapted Pseudomonas striata with various nitrogen 
substrates. Pseudomonas striata isolated from perfused 
field soil and found to be able to nitrify was adapted 
by culturing on 1000 ug/ml BNP with 0.1% yeast extract 
in Morris Medium salts for 36 hrs. The cells were harvested 
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by batch centrifugation. The extracts were prepared in 
the manner described and incubated in the buffered BNP 
solution at a concentration of 1000 ug/ml or in a solution 
containing 120 ug/ml NO~-N and 30 uM/ml ATP. The experiment 
embraced 3 treatments. One set of flasks was incubated 
on stending, a second set was aerated on a gyrorotary 
shaker, and the third was oxygenated by purging with oxygen 
at 5 lbs/sq in for 5 min, sealed, and placed upon the 
gyrorotary shaker. 
Unadapted Pseudomonas striata cells were cultured 
on yeast extract-peptone-glucose broth for 18 hrs and 
harvested by batch centrifugation. The extracts were 
prepared in the manner described and incubated in the 
buffered BNP solution at a concentration of 1000 ug/ml. 
One set of flasks was allowed to incubate on standing while 
the other set was oxygenated as before and placed upon 
the gyrorotary shaker. 
In replicate control sets denatured extracts were 
added to Morris Medium containing the appropriate nitrogen 
substrate. The extract was denatured by heating to 85°C 
for 5 min before addition to the medium. 
The control and test flasks were incubated for either 
40 or 45 min. After this period the extracts were observed 
to have lost their biochemical activity. Samples were taken 
at zero time, at prescribed intervals during the experiment. 
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and at the termination of the experiment. These samples 
V7ere quenched by immersion into a boiling water bath for 
5 min and afterwards assessed for nitrite and nitrate 
production as ug/ml nitrogen/mg protein. The oxygenation 
procedure was repeated in the appropriate flasks each time 
samples were taken. 
7• Purification of cell free extracts of Pseu¬ 
domonas striata 
a. Ammonium sulfate concentrations. Ten g 
wet weight of adapted Pseudomonas striata cells were suspended 
in 50 ml of 0.2 M phosphate buffer at pH 7.0 and were 
broken in the French Pressure Cell. The crude extract 
was respun in the Sorvall Refrigerated Centrifuge at 4°C 
for 15 rain at 25,000 G. The supernatant fluid was poured 
into a 250 ml beaker at room temperature and the volume 
restored to 50 ml. A 0.1 ml aliquot was removed to measure 
the protein content by the Biuret Method. The extract's 
ability to nitrify with BNP as substrate was tested by 
purging the reaction fluid with oxygen, incubating for 
45 min on a gyrorotary shaker, quenching the reaction in 
a boiling water bath for 5 min, and subsequently assaying 
for nitrite and nitrate production. The remainder of the 
supernatant fluid was then precipitated to 25% saturation 
with ammonium sulfate. This reaction mixture was recentri¬ 
fuged at room temperature at 25,000 G for 15 min. The 
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supernatant fluid was poured off and saved for further 
concentrations while the pellet was resuspended in a minimum 
volume of 0.2 M phosphate buffer pH 7.0 and placed into 
a dialysis bag (pore size—mol wt 10,000) and allowed to 
dialyze in the cold room (5°C) in distilled water over¬ 
night. The concentrated fraction was assayed for protein 
and tested for its ability to nitrify with BNP in the 
manner described for the crude extract. Immediately after 
the 25% concentration was removed, ammonium sulfate concen¬ 
trations of 50% and 75% were obtained. These and the 
supernatant fluid were then treated in the same manner 
as the 25% concentration. 
b. Sephadex column chromatography. The cell 
free extracts were prepared as before and ammonium sulfate 
added to the extract to a concentration of 50% saturation. 
The extract was then centrifuged at 25,000 G for 15 min 
and the pellet discarded. The supernatant fluid was then 
dialyzed in the cold overnight and concentrated in an 
ultrafilter (62,65). The fluid remaining after ultra¬ 
filtration was placed into a dialysis bag and set before 
a fan for further concentration in the cold room. When 
the volume reached approximately 1.0 ml the extract was 
ready for chromatography by the gel. 
The gel employed was G100 and was prepared in the 
prescribed manner (58). The column (30 cm x 1.5 cm) was 
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filled to 29 cm with the gel. The fractions were collected 
by the use of the LKB Drop Counter 3427 A into the LKB 
3400B RadiRac Fraction Collector. Each fraction contained 
32 drops of effluent. The void volume of the Sephadex 
gel column was taken by inoculating the column with 3 drops 
of blue dextran at the time of cell extract addition. 
One ml containing 28.0 mg protein was added to the column. 
The column was allowed to flow for 1 day and 40 fractions 
were collected. These fractions were assayed for protein 
by UV absorbance at 280 mu on the Beckman DB-G Spectro¬ 
photometer, and for nitrite and nitrate production from 
BNP by the procedure employed for cell free extracts. 
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RESULTS 
I• Ecological Studies 
A. Population characteristics 
Counts of microflora showed no significant differ¬ 
ences between the oligotrophic and eutrophic sites. The 
total numbers of microorganisms from the oligotrophic 
5 
Quabbin Reservoir ranged from 1.34 x 10 /g during the 
o 
autumn sampling period (Table 3) to 1.05 x 10 /g during 
the summer period (Table 1). The eutrophic Potaupog Pond 
A 
varied from 1.45 x 10*/g during the autumn period (Table 4) 
o 
to 5.40 x 10 /g during the winter period (Table 6). In 
general, the population of anaerobes was slightly higher than 
that of the aerobes in the sampling areas. The total numbers 
of both groups increased with the depth of the sample 
(Tables 1-8). The period of most prolific microfloral 
growth was surprisingly the winter period where the average 
6 8' 
numbers ranged from 5.04 x 10 /g to 2.18 x 10 (Tables 5-6). 
In decreasing order were the counts of microorganisms in 
summer, spring, and autumn. 
The microfloral populations found in these lakes 
were primarily bacterial in nature, with few fungi and 
actinomycetes recorded. The genera comprising the micro- 
flora were, in order of decreasing frequency. Pseudomonas. 
Arthrobacter . Chromobacterium. Flavobacterium. Bacillus. 
and Azotobacter species in the aerobic population. The 
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Tables 1-8, Numbers of microorganisms utilizing various 
nitrogen sources in dilution platings from 
seasonal benthic samples from Quabbin Reservoir 
and Potaupog Pond. 
Table 1. Average of 4 samples taken from the Quabbin 
Reservoir during the summer 1969. 
Aerobic populations in 
g 
i 10 /a benthic material 
Depth 
Nitrogen 
Source Shoreline 5 • 10* 15* 
Ave at 
all Depths 
No N 7.20 4.16 0.83 3.60 3.93 
NH* 
4 
8.25 8.50 0.85 2.10 4.93 
no; 1.44 1.32 0.18 0.37 0.83 
no; 7.90 2.26 1.07 1.21 3.11 
Y.P.G 13.30 32.50 4.30 6.90 14.30 
Anaerobic populations in 10 /cr benthic material 
Depth 
Nitrogen 
Source Shoreline 5* 10* 15* 
Ave at 
all Depths 




0.37 8.30 0.47 0.28 2.35 
0.09 0.36 0.02 • 0.01 0.12 
no; 3.30 0.58 0.70 0.63 1.30 
J . * 
Y.P.G 64.00 105.00 4.20 4.50 44.40 
* 
yeast. peptone, glucose. 
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Table 2, Average of 4 samples taken from Potaupog Pond 
during the summer 1969. 
5 
Aerobic populations in 10 /q benthic material. 
Depth 
Nitrogen 
Source Shoreline 5 • 10* 15* 
Ave at 
all Depths 
No N 0.66 9.50 4.30 5.30 4.94 
NH*t 
4 
0.49 4.50 6.55 6.10 5.16 
no; 0.49 7.50 39.50 34.00 19.60 
no3 0.45 6.60 46.00 54.00 27.00 
Y,P,G* 3.00 295.00 240.00 460.00 250.00 
Anaerobic 
5 




Source Shoreline 5* 10* 15* 
Ave at 
all Depths 
No N 0.85 6.60 23.00 14.20 11.30 
NH* 
4 
0.15 3.30 10.00 4.15 24.40 
no; 0.39 8.25 1.00 2.00 2.91 
no; 0.24 7.60 26.50 25.00 14.80 
. * 
Y,P,G 11.00 360.00 175.00 300.00 - 212.00 
yeast, peptone$ glucose. 
36 
Table 3. Average of 4 samples taken from Quabbin Reservoir 
during the autumn 1969. 
4 
Aerobic populations in 10 /q benthic material 
Depth 
Nitrogen 
Source Shoreline 5 * 10 • 15* 
Ave at 
all Depths 
No N 0.13 0.42 0.47 0.56 0.40 
nh; 5.30 0.87 6.00 0.21 3.10 
no; 0.02 0.02 0.02 0.008 0.016 
no; 12.00 15.50 20.00 63.00 27.60 
* 
Y,P,G 13.40 16.50 18.00 30.00 19.50 
Anaerobic populations in 104 /a benthic material 
* Depth 
Nitrogen 
Source Shoreline 5 * 10* 15* 
Ave at 
all Depths 
No N 0.02 0.04 0.48 2.90 0.861 
NH* 
4 
1.90 0.68 8.90 2.40 3.47 
N°2 0.046 0.071 0.068 0.073 0.064 
n°; 43.00 49.00 52.00 ' 41.00 46.30 
Y,P,G* 50.00 63.00 72.00 360.00 . 136.00 
* 
yeast, peptone, glucose. 
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Table 4. Average of 4 samples taken from Potaupog Pond 
during the Autumn 1969* 
4 
Aerobic populations in 10 /q benthic material 
Depth 
Nitrogen 
Source Shoreline 5* 10' 15* 
Ave at 
all Depths 
No N 5.20 0.84 0.90 1.04 1.99 
NH* 
4 







 0.35 0.37 4.10 0.12 1.23 
no; 23.00 31.00 300.00 60.00 104.00 
Y.P.G* 25.00 31.50 330.00 59.50 112.00 
Anaerobic populations in 10 /a benthic material 
Depth 
Nitrogen 
Source Shoreline 5 • 10* 15* 
Ave at 
all Depths 
No N 0.012 0.022 0.33 0.16 0.13 
NHt 
4 
0.013 0.024 0.003 0.014 0.014 
no; 0.009 0.007 0.002 0.002 0.005 
no; 25.00 31.00 2.60 1.78 15.10 
Y,P,G* 36.50 22.50 35.50 1.45 24.00 
★ 
yeast, peptone, glucose. 
38 
Table 5. Average of 4 samples taken from Quabbin Reservoir 




Aerobic populations in 10 /a benthic material 
Depth 
Shoreline 5* 10* 15* 
Ave at 
all Depths 
No N 0.0001 0.0001 0.001 0.001 0.0055 
NH"t 
4 




 0.79 0.54 0.62 0.47 55.00 
No; 16.00 44.00 82.00 55.00 49.00 
Y,P,G* 25.00 82.00 55.00 40.00 50.50 
Anaerobic populations in 105/q benthic material 
Depth 
Nitrogen 
Source Shoreline 5 • 10* 159 
Ave at 
all Depths 
No N 0.0001 0.001 0.038 0.082 0.003 
NH+ 
4 








 0.0015 0.001 0.001 0.00 
-0 
0.0009 
no; 13.00 100.00 150.00 186.00 127.00 
Y,P,G* 410.00 630.00 720.00 740.00 625.00 
yeast, peptone, glucose. 
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Table 6* Average of 4 samples taken from Potaupog Pond 
during the Winter 1969-70, 
Nitrogen 
Source 
Aerobic populations in 105 /g benthic material 
Depth 
Shoreline 5* 10* 15 * 
Ave at 
all Depths 
No N 30.00 14.30 1.02 10.50 13.90 
NH+ 28.00 226.00 58.00 21.00 130.00 
NO" 5.00 5.00 1.00 1.10 3.03 
no; 89.00 700.00 200.00 230.00 305.00 
620.00 640.00 800.00 680.00 685.00 
Nitrogen 
Source 
/Anaerobic populations in 105 Af benthic material 
Depth 
Shoreline 5 * 10 • 15* 
Ave at 
all Depths 
No N. 4.10 4.50 12.8 36.8 14.90 
m+ 
4 











190.00 130.00 29.60 12.50 90.40 
Y,P,G* 1130.00 5400.00 1800.00 354.00 2180.00 
yeast, peptone, glucose. 
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Table 7. Average of 4 damples taken from Quabbin Reservoir 
during the Spring 1970, 
. . 5 
Aerobic populations in 10 /cr benthic material 
Depth 
Nitrogen - ' Ave at 
Source Shoreline 5* 10* 15* all Depths 
No N 5.15 3.40 53.00 13.50 18.80 
NH+ 
4 
5.90 9.45 9.00 31.00 13.80 
K0; 0.19 0.94 1.00 1.70 0.96 
no; 2.70 31.50 8.20 44.00 21.60 
Y,P,G* 11.00 3.30 53.00 210.00 69.30 
Anaerobic populations in 10 /a benthic material 
Depth 
Nitrogen 
Source Shoreline 5* 10* 15* 
Ave at 
all Depths 
No N 1.50 0.84 1.45 1.40 1.29 
NH*t 
4 
0.14 0.16 5.00 6.00 2.82 
no; 0.01 0.24 0.22 0.01 0.15 
n°; 1.25 1.00 1.60 5.90 2.44 
Y,P,G* 23.00 12.00 30.00 47.00 * 28.00 
yeast, peptone, glucose. 
41 
Table 8. Average of 4 samples taken froc Potaupog Pnd 
during the Spring 1970. 
Aerobic populations in lQ^/g benthic material 
Depth 
Nitrogen 
Source Shoreline 5* 10* 15* 
Ave at 
all Depths 
Ho N 0.53 1.90 73.00 85.00 40.00 
*4 1.25 1.65 44.00 42.00 22.20 
SO' 0.30 1.16 3.50 8.50 3.36 
E0I 0.50 1.12 46.00 22.00 17.40 
Y,P,G* 8.50 20.00 320.00 180.00 132.00 
Anaerobic populations in 10^ /c benthic naterial 
Tenth 
Nitrogen 
Source Shoreline 5 • 10« 15* 
Ave at 
all Depths 
No N 0.87 2.65 55.00 5.90 16.10 
KH+ 0.50 1.70 7.30 9.90 4.80 
E°2 
0.11 1.25 0.01 0.08 0.36 
ho; 0.40 2.10 0.11 12.00 3.65 
Y.P.G* 10.50 26.50 115.00 175.00 83.00 
yeast, peptone, glucose. 
42 
anaerobic and facultative rnicroorganisr.s found in these 
sites wore largely Clostridium and Pseudomonas species, 
but Included as well a number of Gram negative rods of 
undetermined identity. Surprising numbers of nitrogen 
fixing bacteria were noted throughout all the sampling 
areas and seasons. These varied from a minimum of less 
than 10/g to 10^/g. The sampling period in which the 
greatest population of nitrogen fixers was recorded was 
the summer (Tables 1-2), while the lowest numbers were 
recorded during the autumn (Tables 3-4). Although the 
largest overall microbial population appeared during the 
winter samplings in the Quabbin, it was here that the 
lowest number of nitrogen fixers occurred during this 
2 
period. Six of the 3 sampling sites had less than 10 /g 
3 
and the maximum was 10 /g (Tables 5-6). 
Morris Medium salts agar with glucose and nitrate 
or ammonium did not appear to be nutritionally limiting 
to the nicroflora when compared with counts obtained on 
richer media. However when nitrite was the sole nitrogen 
source the smallest populations were recorded. These 
varied from no microorganisms to 6.1 x 10"Vg (Table 5) 
3 4 
with an average of between 10 and 10 /g. 
The population of autotrophic ammonium oxidizers 
present in both oligotrophic and eutrophic waters as 
assessed by KPH procedures was shown to be very scant. 
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The greatest number occurred during the summer period, 
2 
but did not exceed 10 /g. Interestingly, the number of 
oxidizers was higher in the Quabbin Reservoir than in 
Potaupog Pond during spring sampling but by summer this 
had largely been evened out (Table 9). 
B• Nitrification studies 
The results of perfusion experiments to assess the 
nitrifying potential in benthic material from various depths 
of the Quabbin Reservoir and Potaupog Pond sampled seasonally 
are shown in Figs. 2-33. From the data, it is evident 
that the benthic region at both sites is limited in nitri¬ 
fying microflora, at least in groups capable of transforming 
ammonium to higher oxidation states. Only in samples taken 
during the summer (1969) does there appear to be a significant 
ammonium oxidizing microflora (Figs. 2-9). Oxidation 
reaches a maximum of 5.2 ug/ml NO^-N in the 5 ft sample 
from the Potaupog Pond (Fig. 7). Other samples from Potaupog 
Pond from other depths all showed lower yields of oxidized 
products though some nitrification appears to occur at all 
depths studied (Figs. 6-9). As depth of sampling increased 
the amount of NH*-N decreased. On the fifth day, the 
concentration of NH*-N was 15 ug/ml in the flask containing 
the shoreline sample (Fig. 6); the 15 ft sample gave the 
minimum yield of 3 ug/ml (Fig. 9). The samples from the 
Quabbin Reservoir taken at this time demonstrated the most 
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Table 9. Numbers of autotrophic nitrifiers/g banthic 
material calculated by MPN procedures. 
Quabbin Reservoir Potaupog Pond 
Depth Spring Summer Spring Summer 
Shoreline 4.93 46.30 76.20 0.32 
5* 45.80 45.80 0.32 76.20 
10* 45.80 54.20 0.86 45.80 
15* 54.20 61.80 1.93 76.20 
4 
45 
Figs. 2-5 Nitrifying potential in benthic material from 
various depths of Quabbin Reservoir during the 
summer + 
- NH^-N ug/ml 





- NH^-N ug/ml 




Figs. 6-9 Nitrifying potential in benthic material from 
various depths of Potaupog Pond during the summer 
- NH*-N ug/rnl 











Figs. 10-13 Nitrifying potential in benthic material from 
various depths of Quabbin Reservoir during the 
autumn 
- NH^-N ug/ml 
- NO2-N ug/ml 
NO~-N ug/ml 
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Fig. 10 Autumn 1969 shoreline 
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Fig. 12 Autumn 1969 10 ft 




Figs. 14-17 Nitrifying potential in benthic material from 
various depths of Potaupog Pond during the 
autumn 
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Fig. 16 Autumn 1969 10ft 
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Fig. 18-21 Nitrifying potential in benthic material from 
various depths of Quabbin Reservoir during the 
winter 
































Fig. 20 Winter 1969-70 10ft 
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Fig. 22-25 Nitrifying potential in benthic material from 
various depths of Potaupog Pond during the 
winter 
- NH^-N ug/ml 
- NO^-N ug/ml 
NO~~N ug/ml 
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Fig. 24 Winter 1969-70 10ft 
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Figs. 26-29 Nitrifying potential in benthic material from 
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Fig. 29 Spring 1970 15ft 
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Figs. 30-33 Nitrifying potential in benthic material from 
various depths of Potaupog Pond during the 
spring 
- NH+_N ug/ml 
- NO2-N ug/ml 
N0~-N ug/ml 
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Fig. 33 Spring 1970 15ft 
2 n 3 Days 
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consistent nitrification pattern (Figs. 2-5). Each sample 
+ 
demonstrated a loss of NH -N, and a corresponding increase 
of NO^-N. The conversion into each specie of ion 
approached stoichiometry with a minimum of 81% nitrogen 
accounted for in Figure 5 to approximately 100% balance 
in Figures 2 and 3. 
In the remainder of the samples little capacity to 
transform nitrogen was observed while, conversely, through- 
out the samples, the amount of NH^-N steadily increased 
with time. The only other flasks with any measurable oxi¬ 
dation are those with benthic material taken in the autumn 
from Potaupog Pond (Figs. 14-17). Nitrate appeared in 
each sample, but no nitrogen balance could be calculated 
since the amount of NH^-N consistently increased, presumably 
due to the autolysis of dead cells. 
In summary, it would appear that the benthic material 
in both the oligotrophic and the eutrophic sites possess 
only limited nitrifying ability. The capacity to produce 
reduced nitrogen compounds seems ecologically favored and 
any highly oxidized products in the aquatic milieu would 
probably be exogenously derived. 
C. Denitrification studies 
Results of experiments quantitating the denitri¬ 
fying potential of benthic material are given in Figs. 34- 
65. Each figure represents the denitrification sequence 
62 
for the season and depth described. It will be seen that 
the capacity for denitrification is present in varying 
degrees in all samplings. It is noteworthy, however, 
that Potaupog Pond, the eutrophied site, possesses a 
greater potential for denitrification than the oligotrophic 
Quabbin Reservoir. During the summer period (Figs. 34-41), 
Potaupog Pond samples from depths of 10 and 15 ft produced 
70 ug/ml and 66 ug/ml NH*-N respectively (Fig. 36)t while 
the most active Quabbin Reservoir sample from this period 
+ 
produced 18 ug/ml NH^-N during this same sequence. 
The autumn and winter samples (Figs. 42-57) showed 
a diminished capacity for denitrification as would have 
been anticipated, although microbial activity is not 
completely extinguished. In these samples, N0~-N was reduced 
to levels lower than during any of the other test periods, 
presumably to be incorporated into cellular tissue. The 
amount of residual NO^-N in the autumn samples was 18.9 ug/ 
ml/sample (Figs. 42-43) and during the winter period was 
9.75 ug/ml/sample (Figs. 50-57) after the incubation period. 
In all winter Potaupog Pond samples initial NH*-N is higher 
than that at the termination of the experiment, again 
probably because of cellular incorporation of all nitrogen 
sources (Figs. 54-57). In the Quabbin Reservoir material 
from this period denitrification is also proceeding, but 
on a reduced scale (Figs. 50-53), an average of 21.5 ug/ml 
4 63 
Figs. 34-37 Denitrifying potential in benthic material from 
various depths of Quabbin Reservoir during the 
summer 
NO“-N ug/ml -NH*-N ug/ml 
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Figs. 38-41 Denitrifying potential in benthic material from 
various depths of Potaupog Pond during the 
summer 
N02-N ug/ml NH^-N ug/ml 
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Figs. 42-45 Denitrifying potential in benthic material from 
various depths of Quabbin Reservoir during the 
autumn 
N02-N ug/ml -KH^-N ug/ml 
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Figs. 46-49 Denitrifying potential in benthic material from 
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Figs. 50-53 Denitrifying potential in benthic material from 
various depths of Quabbin Reservoir during the 
winter 
NO^-N ug/ml -NH*-N ug/ml 
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Figs. 54-57 Denitrifying potential in benthic material from 
various depths of P.otaupog Pond during the 
winter 
NO^-N ug/ml '-NH*-N ug/ml 
* 
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NH*-N/sample after 5 days. Surprisingly the shoreline 
sample (Fig. 50) at this time provided the greatest ac¬ 
tivity with 37.5 ug/ml NH^-N produced. In the autumn 
similar results were obtained in samples from both test 
areas (Figs. 42-49). Potaupog Pond does show greater 
general activity (Figs. 46-49) with 25.5 ug/ml NH*-N/ 
sample as compared to 22.25 ug/ml NH^-N (Figs. 42-45) in 
the Quabbin Reservoir samples after the 5 day incubation 
period. However, the shoreline sample for the Quabbin 
Reservoir produced the greatest amount of ammonium— 
65.5 ug/ml NH*-N after 4 days incubation (Fig. 42). 
In the spring the Quabbin Reservoir samples showed 
little activity (Figs. 58-61). However, an ammonium- 
nitrogen yield of 19 ug/ml NH^-N was obtained from the 
10 ft sample by day 4 which subsequently appeared to be 
utilized by microfloral growth (Fig. 60). The Potaupog 
Pond spring samples also show little activity at the shore- 
* 
line (Fig. 62) with 12 ug/ml NH^-N produced after 2 days. 
The 5 ft sample, however, produces 49 ug/ml NH^-N (Fig. 63) 
among the highest yields recorded. The 10 and 15 ft samples 
(Figs. 64-65) demonstrate the greatest nitrifying potential, 
producing 70 ug/ml NH*-N in each sample. 
The pH also reflects the gross environmental differ¬ 
ence in oligotrophic and eutrophic environments. The pH 

























Figs. 58-61 Denitrifying potential in benthic material from 
various depths of Quabbin Reservoir during the 
spring 
- NO“-N ug/ml - NH^-N ug/ml 
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Figs. 62-65 Denitrifying potential in benthic material from 
various depths of Potaupog Pond during the 
spring 
NO“-N ug/ml -NH*-N ug/ml 
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lower than in media containing Quabbin Reservoir samples 
indicating a preponderance of microorganisms accustomed 
to the reducing habitat of the eutrophied pond. Not only 
would such populations evince a higher potential for dentri- 
fication, but also greater propensity for fermentative 
metabolic pathways and the subsequent production of pH- 
lowering organic acids. 
II. Physiological Studies 
A. Survey of heterotrophic nitrifers 
1. Shake culture studies with nitrite. Twelve 
bacterial isolates were obtained by elective culture from 
field soil incubated in 10 g aliquots in Morris Medium 
salts amended with 0-2.0% glucose and containing 0.01% 
NO~*-N as the sole source of nitrogen. The cultures were 
maintained on yeast extract-peptone-glucose agar slants 
and were characterized as shown in Table 10. The capacity 
of these bacterial isolates to oxidize nitrite" to nitrate 
is shown on Table 11. The results are expressed quali¬ 
tatively, since little nitrate (less than 3 ug/m-1 NO^-N 
after 6 days) was produced in the most active of these 
isolates. Isolates 2A and 12A produced small amounts of 
nitrate after 4 days. By day 6 isolate 3A had also produced 
nitrate while the amount of nitrate produced in isolates 
2A and 12A remained stationary. These nitrifying bacteria 
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Table 11. Nitrifying capacity of bacteria isolated from 
soil on nitrite elective medium 














which stained Gram positive to Gram variable occurred in 
these cultures, characteristics which would lodge them 
among the Arthrobacter spp. This would also be in accordance 
with other evidence (22,23) that had previously indicated 
Arthrobacter species to be avid users of nitrite as well 
as capable of the oxidation of nitrite to nitrate. 
2. Nitrification by Arthrobacter globiformis in 
replacement culture with various nitrogen substrates. In 
view of the preponderance of Arthrobacter species among 
nitrite utilizing soil bacteria an experiment was conducted 
with the type species of the genus, A. globiformis, to 
assess its nitrifying capacity on a variety of substrates 
including; NO^-N acetamide, B-alanine, cyclopentanome oxime, 
and BNP (see Appendix). The results are given in Fig. 66. 
Small amounts of nitrite were produced with acetamide and 
B-alanine as substrates, 0.50 ug/ml NO^-N, but no nitrate 
appeared. Cyclopentanome oxime and BNP were apparently 
unavailable to the organism. In Figure 66, which gives 
results with nitrite as substrate, NO^-N reaches a level 
of 3.0 ug/ml N0~-N. Although the flasks were allowed to 
incubate for an additional 5 days, no further nitrification 
was observed. The A. globiformis cells after 4 days incu¬ 
bation with BNP and cyclopentanome oxime were clumped to¬ 
gether, characteristic of the onset of autolysis. Thus, 












Fig. 66 Nitrite and nitrate production by a replacement 




trophic nitrifier, but primarily of mineralized nitrogen. 
3. Perfusion studies with organic nitrogen 
compounds. The organic nitrogen compounds acetamide, 
B-alanine, cyclopentanome oxime, and BNP were tested in 
a soil perfusion apparatus to determine whether there 
was a natural microflora that could readily convert these 
materials into nitrite and nitrate. The compounds were 
incubated with replicate 50 g columns of soil and of benthic 
material from the Quabbin Reservoir and Potaupog Pond 
respectively. The results of this study are given in 
Figs. 67-78. In columns perfused with cyclopentanome 
oxime little or no nitrification occurred as shown in 
Figs. 67-69; 0.9 ug/'ml NO^-N and 0.95 ug/ml NO^-N were 
the maximum yields (Fig. 69). Similarly, B-alanine yielded 
only small amounts of nitrogen oxides (Figs. 70-72); 1.0 ug/ 
ml NO~~N and 1.55 ug/ml NO~-N were the highest concentrations, 
again in the field soil samples (Fig. 72). 
A 
Acetamide (Figs. 73-75) seemed somewhat more amenable 
to oxidation. All samples yielded in excess of 1.0 ug/ml 
NO~-N with the field soil sample producing 2.0 ug/ml N02~N 
(Fig. 75). The benthic material from Quabbin Reservoir 
had apparently no microfloral populations with any sig¬ 
nificant ability to produce nitrate from acetamide (Fig. 73) 
producing at most 0.75 ug/ml NO^-N. The field soil, however, 
again reflecting the broadest population spectrum, producing 
4 
86 
Fig. 67 Nitrite and nitrate production in a soil perfusion 
apparatus with cyclopentanome oxime as substrate; 
Quabbin Reservoir 
- Control; cyclopentanome oxime lOOOug/ml; no soil 
Control; soil; no cyclopentanome 
- Soil; cyclopentanome oxime lOOOug/ml 
4 
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Fig. 68 Nitrite and nitrate production in a soil perfusion 
apparatus with cyclopentanome oxime as substrate; 
Potaupog Pond 
_Control; cyclopentanome oxime lOOOug/ml; no soil 
-Control; soil; no cyclopentanome oxime 




Fig. 69 Nitrite and nitrate production in a soil perfusion 
apparatus with cyclopentanome oxime as substrate; 
field soil 
-Control; cyclopentanome oxime 1000 ug/ml; no soil 
Control; soil; no cyclopentanome oxime 
-Soil; cyclopentanome oxime 1000 ug/ml 
4 
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Fig. 70 Nitrite and nitrate production in a soil perfusion 
apparatus with B-alanine as substrate; Quabbin 
Reservoir 
- Control; B-alanine 1000 ug/ml; no soil 
- Control; soil; no B-alanine 




Fig. 71 Nitrite and nitrate production in a soil perfusion 
apparatus with B-alanine as substrate; Potaupog Pond 
-Control; B- alanine 1000 ug/ml 
-Control; soil; no B-alanine 
Soil; B-alanine 1000 ug/ml 
91 
Fig. 72 Nitrite and nitrate production in a soil perfusion 
apparatus with B-alanine as substrate; field soil 
Control; B-alanine.1000 ug/ml; no soil 
Control; soil; no B-alanine 
Soil; B-alanine 1000 ug/ml 
92 
# 
Fig. 73 Nitrite and nitrate production in a soil perfusion 
apparatus with acetamide as substrate; Quabbin 
Reservoir 
Control; acetamide 1000 ug/ml; no soil 
Control; soil; no acetamide 
Soil; acetamide 1000 ug/ml 
4 
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Fig. 74 Nitrite and nitrate production in a soil perfusion 
apparatus with acetamide as substrate; Potaupog Pond 
- Control; acetamide 1000 ug/ml; no soil 
Control; soil; no acetamide 










Fig. 75 Nitrite and nitrate production in a soil perfusion 
apparatus with acetamide as substrate; field soil 
_ Control; acetamide lOOOug/ml; no soil 
- Control; soil; no acetamide 






Fig. 76 Nitrite and nitrate production in a soil perfusion 
apparatus with B-nitropropionic acid (BNP) as 
substrate; Quabbin Reservoir 
- Control; B-nitropropionic acid 1000 ug/ml; no soil 
- Control; soil; no B-nitropropionic acid 
Soil; B-nitropropionic acid 1000 ug/ml 
Fig. 77 Nitrite and nitrate production in a soil perfusion 
apparatus with B-nitropropionic acid (BNP) as 
substrate; Potaupog Pond 
_ Control; B-nitropropionic acid lOOOug/ml; no soil 
- Control; soil; no B-nitropropionic acid 
Soil; B-nitropropionic acid 1000 ug/ml 
97 
Fig. 78 Nitrite and nitrate* production in a soil perfusion 
apparatus with B-nitropropionic acid (BNP) as 
substrate; field soil 
- Control; B-nitropropionic acid 1000 ug/ml; no soil 
- Control; soil; no B-nitropropionic acid 
Soil; B-nitropropionic acid 1000 ug/ml 
Days 
Scale modified for NO^-N 
98 
3.0 ug/ml NO^-N after 5 days (Fig. 75). 
The substrate most amenable to nitrification was 
B-nitropropionic acid (BNP) (Figs. 76-78). Even the benthic 
samples from Quabbin Reservoir and Potaupog Pond (Figs. 76- 
77) produced significant amounts of nitrite, 4.0 ug/ml 
NO^-N each, and nitrate 3.0 and 4.0 ug/ml N0~-N respectively. 
However, the field soil sample was apparently richest in 
BNP-transforming microorganisms and produced 32 ug/ml 
NO~-N (Fig. 78). 
4. Selective effect of nitrogen substrates on 
soil and benthic microflora. The selective effect of each 
of the organic nitrogen compounds was tested by ennumerating 
that percentage of the microfloral population which arose 
in response to these compounds when each was the sole carbon 
and nitrogen source. Each of the plating media contained 
1000 ug/ml of the appropriate organic nitrogen compound in 
a Morris Medium salts agar. From the data on Table 12, 
it is apparent that the greatest substrate selection was 
enforced by cyclopentanome oxime. In all three samples 
it drastically restricted the populations. Not surprisingly, 
this compound displayed the least availability for nitri¬ 
fication. B—alanine exerted the least selection. A 
maximum reduction of 0.01% population was exerted in the 
field soil samples while in Quabbin Reservoir little more 
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Field soil samples exhibited the most pronounced 
sensitivity to selective effects. The population was 
8 4 
decreased from 5.95 x 10 /g to 3.21 x 10 /g or to 0.05% 
of its control size with acetamide as the sole carbon and 
nitrogen source. The mildest selective action was by 
B-alanine in the field soil sample while BNP exerted a 
selective restriction which limited growth in test samples 
to 0.09% of control populations. Because of the high 
yields of nitrate with BNP and the apparently large popu¬ 
lation which appeared able to nitrify it, further experi¬ 
mentation was conducted on the ecology and physiology of 
its conversion. 
B. Isolation of heterotrophic nitrifier from soil 
perfusion apparatus. 
In Fig. 79 is shown a representative nitrification 
sequence obtained with BNP as perfusate in a 50 g column 
of sandy loam field soil. The control flask in this experi- 
•c* 
ment contained the buffered perfusion liquid and soil, 
but no BNP. Here, neither nitrite nor ammonium appeared, 
while in the test apparatus no ammonium was detected. 
The control flask yielded 5 ug/ml NO^-N at the two-day 
sampling, a concentration which remained constant for 
the remainder of the experiment. In the test apparatus 
the BNP concentration decreased steadily from 500 ug/ml 
to 125 ug/ml in 2 days and after 5 days virtually disappeared. 
101 
Fig. 79 Nitrite and nitrate production in a soil perfusion 
apparatus with BNP as substrate 
_ BNP ug/ml 






















Nitrate concentration increased to 48 ug/ml NO^-N after 
5 days. Also evident was an initial burst of nitrite that 
reached a maximum of 1.0 ug/ml NO~-N after 2 days and then 
subsided. The presence of an additional carbon source, 
1.0% sodium acetate, depressed the utilization of BNP 
and the concentration of oxidized nitrogen products (Fig. 80). 
The concentration of BNP begins to diminish rapidly as 
before, but only to a concentration of 300 ug/ml which 
then remains constant. The production of nitrite and 
nitrate is also depressed to 0.40 ug/ml NO^-N and 8.0 ug/ml 
— + 
NO^-N. Again, no NH^-N appears in the test or control 
perfusion apparatuses. 
The microflora from the BNP perfusion columns were 
now ennumerated by serial dilutions in a variety of media. 
The populations which arose in response to BNP and sodium 
acetate enrichment were compared to the total population 
and with the populations selected in non-enriched soils. 
In Table 13 are shown the total numbers of microorganisms 
which emerged on nutrient agar plates. Those micro¬ 
organisms which arose in response to BNP enrichment were 
counted on a mineral salts agar with 1000 ug/ml BNP as 
the sole carbon and nitrogen source. The BNP agar was 
also modified with 1.0% sodium acetate to account for that 
portion of the raicroflora which arose in response to the 










Fig. 80 Nitrite and nitrate production in a soil perfusion 
apparatus with BNP as substrate and 1% sodium 
acetate as an additional carbon source 
BNP ug/ml 
N0“-N ug/ml 



















Table 13* Enumeration of microorganisms with BNP enrichment 
from perfusion apparatus soil columns. 
Medium 
Perfusion apparatus Plating ITo/g soil 








1000 ppm BNP 
4.90 x 104 0.009% 
BNP enrichment Mineral salts 
1000 ppm BNP 
8.45 x 105 0.15% 
BNP enrichment 
with 1% sodium 
acetate 
Mineral salts 
1000 ppm BNP 
1% sodium 
acetate 
1.17 x 107 2.0% 
105 
is apparent that little selective action was exerted by 
BNP in the presence of sodium acetate. Again, with only 
BNP present as the carbon and nitrogen source, there was 
a marked selection for BNP utilizing microorganisms, 0.15% 
of the total population. A significant proportion of the 
5 
microbial population utilized BNP, 8.45 x 10 /g upon enrich¬ 
ment in comparison with the figure previously obtained, 
4 
4.90 x 10 /g, without enrichment. Thus, BNP lends itself 
to rapid utilization, and the soil contains a substantial 
resident population which can utilize this compound for 
growth. 
From BNP agar plates without enrichment 30 apparently 
different colonies were chosen for further investigation. 
Upon replating, many of these were found to be replicates 
of microorganisms already isolated. The cultures were 
ultimately characterized as belonging to 15 different 
strains of microflora as shown on Table 14. Eleven of 
these were bacterial, 3 were fungal, and 1 was a Nocardia 
sp. Of the bacteria, 4 were identified as Pseudomonas 
spp., while one each was categorized as a Bacillus. 
Arthrobacter, and Chromobacterium species 'respectively. 
Four cultures remained unidentified. Of particular interest 
was the fact that 9 of the original 30 isolates were 
identical to isolate H3, a Pseudomonad. 
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culture flasks with Morris Medium salts solution and 500 ug/ 
ml BNP as the sole carbon and nitrogen source. They were 
grown aerobically on a gyrorotary shaker for 5 days. 
Samples were taken at zero time and at daily intervals 
thereafter to assess residual BNP, nitrite, and nitrate. 
The concentration of BNP in the sterile control flask did 
not change for the duration of the experiment. The results 
of this study are given in Figs. 81-91. The only nitri¬ 
fying activity observed was by isolates 3-5. In isolates 
3 and 4 substantial nitrate was produced, 46 ug/ml and 
32.5 ug/ml NO~~N respectively and the BNP virtually dis¬ 
appeared. The characteristic nitrification curve is seen 
with these 2 isolates; nitrite first appears, and then, 
with the appearance of nitrate, disappears. Isolate 5 
produced nitrite from BNP, but no nitrate. Five ug/ml 
NO^-N was produced, but then fell to 2.5 ug/ml NO^-N for 
the remainder of the experiment. 
The 2 Pseudomonas spp. proved to be the same micro¬ 
organisms i.e. a non-pigment producing mutant of Pseudomonas 
striata. Both grew well on gelatin but did not liquefy 
it. On the gelatin stab both produced yellow pigment. 
Both were motile in the early stages of growth and were 
polarly flagellated at either one or both ends. Upon 
microscopic examination it was also observed that the 
bacillus was often in pairs. The microbes grew well at 
108 
Figs.81-85 Nitrite and nitrate production by bacterial 
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Figs. 86-91 Nitrite and nitrate 













production by bacterial 
enriched soil perfusion 
Fig. 87 Isolate 7 
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room temperature (22°C) through 37°C. In litmus milk 
broth, thoy gave an alkaline reaction. Litmus was found 
to be reduced upon completion of the 2 week incubation. 
The typing of the microbe as Pseudomonas striata is shown 
in Table 15. This microorganism was then investigated 
in detail in a series of studies involving the production 
of nitrate from BNP and its homologs. 
C* Nitrification by replacement cultures of Pseudomonas 
striata. 
1, BNP as substrate. In Figs. 92 and 93 are 
shown the results of a study in which BNP was provided as 
the nitrogen substrate for replacement cultures of Ps. 
striata. Two sets of tubes were inoculated with the micro¬ 
organism while 2 other sets of tubes served as controls 
for non-biological changes. At specific intervals 1 tube 
from each set of 4 was removed from the shaker and the 
reaction was quenched by boiling for 5 minutes. Since 
quenching the experiment by boiling hydrolyzed nitrite 
from the carbon chain of BNP, the amount of nitrite produced 
in the sterile controls was subtracted from the amount of 
nitrite formed in test vessels. One control tube and 1 
tube with all experiment components were replaced on the 
shaker to be analyzed at the termination of the experiment 
(designated terminal tubes) while the other 2 tubes were 
analyzed at that time for nitrite and nitrate production 
Ill 
Table 15, Key to the characterization of Pseudomonas striata 
(9). 
Morphology: Gram negative; motile rod; sometimes paired; 
brownish-pink pigment in older cultures. 
Test Result 
a. Growth in gelatin 
/ \ 
b. negative bb. positive 
\ 





d, nonmotile dd, motile 
(polarflagellate) 
growth at 37 C 
\ 
d,d. 




f. acid ff. alkaline 
^ \ 
f.f 
g. litmus not 
\ 




(designated interval tubes). In Fig. 92 is shown the 
concentration of nitrite produced. It will be observed 
that nitrite production started immediately and was main¬ 
tained at levels of 1.60 ug/ml NO~-N for the first 4 hrsa 
of the experiment. By the sixth hr nitrite began to ac¬ 
cumulate to levels of 11 ug/ml NO~-N and by 12 hrs reached 
a maximum of 16.6 mg/ml. When the "terminal" tubes were 
analyzed at the end of the experiment the amount of nitrite 
formed paralleled that found in the set of tubes analyzed 
at each interval. Nitrate production proceeded in much 
the same manner as nitrite production (Fig. 93). The 
appearance of nitrate lagged behind nitrite during the 
initial 2 hrs of the experiment, but then at 4 hrs exceeded 
it, and finally paralleling it at the 6 and 12 hr sampling 
times. At the end of the incubation period, nitrate pro¬ 
duction was twice nitrite formation and reached a concen¬ 
tration of 32 ug/ml NO~-N. Again the "terminal" tubes 
paralleled the "interval" tubes in the production of nitrate. 
This experiment confirmed that the formation of 
nitrite and nitrate is biochemical in nature since the 
"terminal" tubes did not yield additional product upon 
reincubation. In whole cell replacement culture the maximum 
nitrite production occurred in 12 hrs and was a necessary 
preliminary for nitrate formation. 





























































































































































































and nitrate production, BNP substrate concentrations 
ranged from 400 to 0 ug/ml in each flask for this experi¬ 
ment. From Fig. 94 will be seen that the threshold concen¬ 
tration of BNP lies between 50-100 ug/ml for nitrate pro¬ 
duction while nitrite formation proceeded even at BNP 
concentrations of 25 ug/ml. Although 3 ug/ml N0~-N was 
formed in the 50 ug/ml flask after 6 hr, this concentration 
of BNP was apparently too low for sustained nitrification; 
this prevailed at around 100 ug/ml BNP. At higher BNP 
concentrations nitrate formation increased with time, 
indicating substrate concentrations in excess of threshold 
levels. 
3. Transformations of nitromethane. nitroethane. 
and nitropropane. The data in Figs. 95-97 show that Ps. 
striata produced nitrite from nitromethane, nitroethane, 
and nitropropane, but formed nitrate from only the latter 
two. Nitrite production from nitromethane was limited 
«*• 
(Fig. S5) and reached a maximum of 0.60 ug/ml ITC^-N in 
3 days. No nitrate was formed. However, with nitroethane 
as substrate, the Pseudomonad produced substantial amounts 
of nitrate 9.75 ug/ml NO~-N/mg dry cell wt as shown in 
Fig. 96. At this time maximum production of 10 ug/ml 
N0~-N was also recorded. Nitropropane appeared even more 
amenable to nitrification. In Fig. 97 is shown the pro¬ 
duction of nitrite and nitrate from this substrate. Again 
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Fig. 94 Threshold concentration of BNP for nitrite and 


















Fig. 95 Production of nitrite by a replacement culture of 
Ps. striata with nitromethane as substrate 
--NO^-N ug/ml 
-NO~~N ug/ml (control) 




Fig. 96 Production of nitrite and nitrate by a replacement 
culture of r-s. s~riasa with nitroethane as substrate 





















Fig. 97 Production of nitrite and nitrate by a replacement 
culture of P_s. striata with nitropropane as 
substrate 
10 
_ NO^-N ug/ml 
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maximum nitrate production reached its maximum after 1 
day of incubation, then declined through the duration 
of the experiment. After 3 days incubation, the concen¬ 
tration of NO^-N was reduced to 2.5 ug/ml. 
Replacement culture studies were also performed 
with propionic acid and nitrite. After 4 days incubation, 
no nitrate was observed although respirometric studies 
showed that the microorganism was able to metabolize the 
propionic acid-nitrite substrate. 
4. Beta-propiolcctone (BPL) as substrate. Prom 
Fig. 98 it may be seen that BPL-hydroxylamine are not 
oxidizable by Ps. striata. No nitrate was recovered from 
either the test or control flasks. The BPL-nitrite series, 
however, did give evidence of oxidizability. Approximately 
1.50 ug/ml NO~-N/mg dry cell wt was produced as early as 
1 day after the experiment was initiated. At the termi¬ 
nation of the experiment 6.7 ug/ml NO--N was present. 
Although the formation of product was not as substantial 
as with other systems, significant nitrate was produced, 
ostensibly from nitrite with BPL as primer. 
5. Hydroxylamine and nitrite as substrates. 
Pseudomonas striata showed no ability to transform 
hydroxylamine or nitrite into nitrate, as shown on Fig. 99. 
Nitrite concentration in the resting cell flask fell from 
180 ug/ml NO”-** to 100 ug/ml in 2 days and to 90 ug/ml 
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Fig. 98 Nitrate production by a replacement culture of 
Ps. striata with E-propiolactone (BPL) as substrate 
nitrite 
nitrite (control) 
hydroxy laird ne 
hydroxy laird ne (control) 
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NO^-N after 5 days. This can be attributed to endogenous 
assimilatory processes. The cells showed little or no 
affinity for hydroxylamine which remained at a stable 
concentration of 90 ug/ral after the first day of the 
experiment. No nitrite was formed. 
D. Respirometric studies. 
In Fig. 100 is shown the oxygen uptake of Ps. 
striata incubated with nitrite and BNP. In the presence 
of nitrite alone respiration was depressed. With BNP 
alone oxygen uptake was only slightly enhanced, but in 
the presence of both nitrite and BNP oxygen uptake was 
maximized. Similar results are shown in Fig. 101. In 
the presence of both propionic acid and nitrite oxygen 
uptake was enhanced. Although beta-propiolactone is also 
a three carbon compound, and the biosynthetic precursor 
of BNP, it appeared to depress oxygen uptake, most markedly 
in the presence of nitrate. 
E. Cultural conditions influencing growth of and 
nitrification by Pseudomonas striata with BNP as substrate. 
The maximum growth and. nitrate production by Ps. striata 
appeared in cultures amended with 0.10% yeast extract 
(Figs. 102-104). Although the control flask without yeast 
extract yielded as much or more nitrate, only sparse growth 
occurred in the absence of yeast extract. At 1.0% concen¬ 
tration of yeast extract the Pseudomonad showed greatest 
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Fig. 99 Assimilation of nitrite and hydroxylamine by 
replacement cultures of Ps_. striata 





Fig. lOOOxygen uptake by IPs. striata with B-nitropropionic 
acid (BNP) and nitrite as substrate 






Fig. io^ Oxygen uptake by Ps_. striata with B-propiolactone, 
propionic acid, and nitrite as substrates 
- propionic acid and nitrite 
 endogenous 
- B-propiolactone and nitrite 
 nitrite 
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Fig. 102 Growth and nitrate production by P_s. striata 
with varying concentrations of yeast extract at 
two levels of B-nitropropionic acid (BNP) 
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growth; however, nitrate production was surpressed, reaching 
only 31*5 ug/cl HO^-N at the higher BNP concentrations. 
In the glucose and peptone series, the C:N ratio 
appeared to play the dominant role in the production of 
nitrate. In the glucose series, as the C:U ratio was 
raised, less nitrate product was observed. At the lower 
EFP concentration, at 1.00 and 0.10% glucose no nitrate 
was observed after the second day. Growth in these flasks 
was sore than double that in the 0.01% glucose flask, the 
flask with values nearest to these. Titrate production 
at 0.01% or in the absence of glucose was substantial 
39 ug/nl NO~-N and 32 ug/nl NG~-N respectively. At the 
1000 ug/nl ElTP level, no increase in growth was observed 
over that achieved at the saoe concentrations of glucose 
at the 500 ug/nl BNP level. Nitrate was produced at all 
3 glucose concentrations in this series. However, the 
1.0% level of glucose concentration yielded 12.5 ug/nl 
NO~-N, and as glucose concentrations decreased proportionally 
core nitrate was forced. 
The pephone series shoved nitrate fcreation at all 
concentrations. At both EN? concentrations at the 0.1% 
peptone level, the highest concentration of nitrate occurred- 
65 ug/nl SG~-N at the lower ENP level and 93.5 ug/nl TC^-N 
at the higher BN? level. Growth was sparse at all concen¬ 



















Fig. 103 Growth and nitrate production by P_s. striata 
with varying concentrations of glucose at two 
































Fig. 104 Growth and nitrate production by Ps. striata with 
varying concentrations of peptone at two levels 
of B-nitropropionic acid (BNP) 
Days 
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It will be noted that growth at the 1.0% peptone 
concentration was almost twice that with 0.1% yeast extract; 
the amount of nitrate produced was, however, comparable 
in both instances. Seemingly the peptone addition provided 
additional nitrogen for conversion into cellular substance 
while yeast extract provided growth factors which were 
assimilated without substantive conversion. 
F. Growth of, and nitrite and nitrate production by 
Pseudomonas striata with BNP and other organic nitrogen 
compounds as substrates, 
1. BNP. nitroethane. and nitropropane as substrates. 
The greatest yields of cell mass and nitrate formation 
occurred in the flasks with BNP as substrate (Figs. 105- 
107). In the 500 ug/ml BNP flask nitrate reached concen¬ 
trations of 36 ug/ml N0”~N while growth reached 340 ug/ml 
dry cell wt at day 2. These values remained stationary 
for the duration of the experiment. By day 2 in the 1000 ug/ml 
BNP flask nitrate formation reached 60 ug/ml NO^-N with 
the cell mass at 450 ug/ml dry cell wt. Activity in this 
flask then subsided, suggesting that some limiting mechanism 
was called into play, most probably carbon depletion. 
Although neither of the replicates containing other 
substrates reached as high levels of nitrate formation 
or growth, the yield given in Fig. 106 for nitroethane and 













Fig. 105 Growth of P_s. striata and nitrite and nitrate 
production with BNP as substrate 







♦ yeast extract 
Days 
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Fig. 106 Growth of P_s. striata and nitrite and nitrate 







































Fig. 107 Growth of Ps_. striata and nitrite and nitrate 
production with nitropropane as substrate 
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BNP series shown in Fig. 106. The Pseudomonad reached a 
maximum growth of 220 ug/ml dry cell wt and produced 15 ug/ml 
NO~-N in the 500 ug/ml nitroethane flask after the first 
day of incubation while in the 1000 ug/ml nitroethane 
flask a cell mass of 175 ug/ml and 15 ug/ml N0~-N were 
recorded. Nitrite production in these flasks reached 
2 ug/ml NO^-N by the second day of incubation. By this 
time the amount of nitrate formed had begun to decrease 
to 12 ug/ml NO^-N in the flask with the lower nitroethane 
concentration and to 14 ug/ml NO^-N at the higher concen¬ 
tration. In the nitropropane series the pattern of nitri¬ 
fication was altered somewhat as shown in Fig. 107. Nitrate 
production reached a maximum of 19 ug/ml NO~-N in the flask 
with the lower concentration of nitropropane and 22 ug/ml 
NO~-N at the higher concentration after the first day. 
Growth at this time was sparse and yielded approximately 
75 ug/ml dry cell wt in both series. It did not reach 
its maximum until day 2 at 300 ug/ml dry cell wt in the 
low nitropropane flask and 400 ug/ml dry cell wt in the 
high nitropropane flask. Nitrite production reached 
approximately 2 ug/ml NO^~N at day 2 and only after the 
nitrate concentration began to diminish. 
2. BPL-nitrite as substrate. Growth reached 
a maximum after 2 days of incubation at both concentrations 
of BPL substrate as shown in Fig. 108. The low BPL concen- 
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tration (300 ug/ml BPL, 60 ug/ral NO~“N) yielded 250 ug/ml 
dry cell wt v/hile the high BPL concentration (600 ug/ral 
BPL, 120 ug/ral NO^-N) yielded 270 ug/ml dry cell wt. 
At the low BPL concentration nitrate production was scant. 
At 2 days 3 ug/ml NO~-N were produced slowly increasing 
to 7.0 ug/ral N0o-N after 4 days incubation. Nitrate pro¬ 
duction was greater at the high concentration of BPL and 
paralleled the growth of the Pseudomonad, reaching a maximum 
at day 2, when 11 ug/ml NO~-N were produced. On day 3, 
when cell mass decreased, nitrate concentration was reduced 
to 8 ug/ml NO~-N. As cell mass increased again on day 4 
nitrate production reached 15 ug/ral NO“-N. This suggested 
that actively metabolizing cultures of Pseudomonas striata 
can produce nitrate from nitrite if the appropriate carbon 
source is available. 
G. Cell free extract studies with Pseudomonas striata 
1. Crude cell free extracts of non-adapted Ps. 
striata with BNP as substrate. The results of nitrification 
studies with cell free extracts of non-adapted Ps. striata 
are given in Figs. 109-110. In the extracts incubated 
standing, 0.67 ug/ml N0”-N was produced after 20 rain. 
Nitrate production was limited to only 0.18 ug/ral NO^-N 
above the concentration in the denatured control flask. 
Even when the extracts of these non-adapted cells were 












Fig. 108 Growth of Ps. striata and nitrate production 
with B-propiolactone (BPL) and nitrite as 
substrate 


















































Fig. 109 Production of nitrite and nitrate by crude cell free 

























Fig. 110 Production of nitrite and nitrate by oxygenated 
crude cell free extracts of Ps. striata with BNP 
as substrate 
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0.60 ug/ml NO^-N. Nitrite production, however, was en¬ 
hanced in this oxygenated system. After 10 min 0.45 ug/ml 
NO^-N formed and this concentration continues to increase 
until after the 40 min incubation period to 4.2 ug/ml 
NO~-N. 
2. Crude cell free extracts of adapted Pseudomonas 
striata with BNP as substrate. The results of transfor¬ 
mations by crude cell free extracts of adapted Pseudomonas 
striata with BNP as substrate are given in Figs. 111-113. 
The set of flasks incubated standing showed hardly any 
nitrate production from the BNP substrate (Fig. 111). 
The concentration of nitrate reached a maximum after 15 
min incubation, at 0.2 ug/ml N0^~N. Nitrite formation was 
evidently enhanced in this system. After 15 min. 5.3 ug/ml 
NO~-N were produced, and by 30 min the maximum nitrite 
concentration recorded, 6.8 ug/ml NO^-N, was reached. In 
the aerated set of flasks nitrite production doubled to 
12.4 ug/ml NO~-N after the 45 min incubation period while 
1.95 ug/ml NO~-N was recorded (Fig. 112). The flasks were 
allowed to continue incubating for another 45 min, but 
the concentration of nitrite and nitrate remained stationary. 
When the flasks were purged with oxygen, nitrite production 
paralleled the aerated series reaching 12.0 ug/ml NO~-N 
(Fig. 113). The pattern of nitrate production, however, 
was somewhat different in this series. After 15 min a 
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Fig. Ill Production of nitrite and nitrate by crude cell free 
























Fig. 112 Production of nitrite and nitrate by aerated crude 














Fig. 113 Production of nitrite and nitrate by oxygenated 
crude cell free extracts of adapted Ps. striata with 
BNP as substrate 
NO^-N ug/ml 
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relatively substantial amount of nitrate, 1.6 ug/ml NO~-N, 
had appeared increasing to 2.2 ug/ml after 45 min. When 
the system was purged with nitrogen gas, the kinetics of 
the reactions resembled those of the standing incubation 
series shown in Fig. 111. Thus, oxygen appears to enhance 
nitrite production and allowed nitrate formation to take 
place. Upon aeration or oxygenation, nitrite production 
doubled and measurable nitrate production occurred. 
3* Crude cell free extracts of Pseudomonas striata 
with nitrite as substrate and ATP added. Without any 
ATP no nitrate production occurred, paralleling control 
flasks with heat denatured protein (Fig. 114). VThen ATP 
was added to the reaction mixture, nitrate formation occurred 
after 15 min incubation (Fig. 114). The concentration of 
nitrate increased to 1.5 ug/ml NO^-N by the termination 
of the experiment. 
H. Partial purification of crude cell free extracts 
•t 
of Pseudomonas striata 
1. Ammonium sulfate concentration. Through 50% 
saturation of ammonium sulfate specific activity for nitrite 
and nitrate production was low as shown in Table 16. 
At 25% saturation it was 1.81 ug/ml NC^-N and 0.25 ug/ml 
NO~-N, while at the 50% saturation the specific activity 
increased to 2.15 ug/ml NO^-N and 0.57 ug/ml NO^-N. The 
greatest activity was found at 75% saturation and in the 
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Fig. 114 Production of nitrate by oxygenated crude cell free 
extracts of P_s. striata with nitrite as substrate 
and ATP 
- N03-N ug/ml, ATP 
-— NO^-N ug/ml 
- NO^-N ug/ml (control) 
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Table 16. Nitrite and nitrate production by ammonium 
sulfate concentrations of cell free extracts 
of Ps. striata. 





0 0 1.10 0.78 
25 7.2 1.81 0.25 
50 7.8 2.15 0.57 
75 8.6 2.35 4.31 
supernatant none 7.20 • 6.67 
a 
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supernatant fluid. At this concentration nitrate pro¬ 
duction 4*31 ug/ml or 5.5 times that of the crude extract, 
and.nitrate production was 2.35 ug/ml or 1.1 times that 
of the crude extract. The supernatant fluid had a markedly 
greater specific activity, 6.67 ug/ml or 8.4 times the 
activity of the crude extract for nitrate and 7.2 ug/ml 
or 6.55 times that for nitrite. 
2. Sephadex gel filtration. The blue dextran 
was eluted from the column in fractions 6-8, givening the 
column a void volume of 10.99 ml. Significant amounts of 
protein were collected in fractions 3-29. The protein 
concentration of each fraction is shown in Fig. 115. 
Nitrite was produced in fractions 6-20, reaching a peak 
at fraction 13, 2.40 ug/ml N0”-N. At fraction 13 a concen¬ 
tration of 310 ug/ml protein was collected giving that 
particular fraction a specific activity of 7.7 ug/ml NO^-N 
mg protein. Nitrate formation was reported through two 
different sequences. In the first fractions 4-20 showed 
nitrate production with peak concentrations achieved at 
fraction 13. This value was 3.70 ug/ml NO^-N which gave 
this fraction a specific activity of 11 ug/ml/mg protein. 
A second sequence of nitrate production was recorded in 
fractions 21-28. Fractions 22-24 show 2.25 ug/ml of NO~-N 
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Molecular weights of the proteins separated were 
determined by calculation of the partition coefficient 
between the liquid and gel phases of the column (see 
Appendix). This value was Kav 0.24 for the proteins eluted 
at fraction 13 giving them a mol wt of approximately 55,000 
and Kav 0.62 for the protein at fraction 23 making this 
a low mol wt protein at 12,000. 
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DISCUSSION 
Little essential difference was observed in the 
numbers of microorganisms present in the benthos of the 
oligotrophic Quabbin Reservoir or the euthrophied Potaupog 
Pond. In both environments similar numbers of organisms 
appeared capable of using the various nitrogen substrates 
provided. In both instances nitrite proved to be least 
available and complex nitrogenous organic substrates 
provided the highest growth. Thus, it might be concluded 
that the potential for eutrophication is present in most 
water systems and requires only the availability of the 
appropriate substrates. 
A novel finding was that certain microorganisms 
appeared to be present in greatest numbers during the 
winter and summer months in contrast with algal populations 
whose peak numbers occur during spring and autumn. This 
wr 
would be in accordance with a pattern of population suc¬ 
cession. The algae bloom with lake turnover which re¬ 
circulates nutrients in the water system and at the same 
time there is an inflow of nutrients from terrestial sources. 
When the algal population begins to die-off there is a 
release of nutrients which become available to bacteria 
and other microfloral components of the environment. 
*• !• 
Thus, after the spring and autumn blooms, it could be 
anticipated that there would be an increase of microfloral 
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numbers during the summer and winter. Some caution must, 
however, be exercised in regard to the precision of the 
numberical values for bacterial populations. Although 
these give valid indications of relative distribution, 
limitations of growth media, removal from the benthic site, 
and changes imposed by incubation conditions, comprise 
the classic shortcomings of this technique. Direct cell 
counting or biochemical parameters, such as ATPase activity, 
may well have to be used coincidentally if definitive 
benthic population size is to be established. 
The low nitrogen concentration in both the oligo- 
trophic and eutrophied system was notable. Equally note¬ 
worthy is that highest nitrogen concentrations were in¬ 
variably associated with shallowest samplings suggesting 
that die-back of shoreline plants was the principal source 
of organic nitrogen. In general, the determining factor 
for nitrogen transforming populations was the presence 
of this element. Thus, counts of nitrogen fixing micro- 
■» 
organisms were generally higher from the oligotrophic 
Quabbin Reservoir than from Potaupog Pond. Conversely, 
the lowest numbers of nitrogen fixers were recorded during 
the winter after the decomposition of the algal population 
made organic nitrogen substrates available to competing 
populations of heterotrophs. 
Ammonium oxidizers were scant in both the Quabbin 
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Reservoir and Potaupog Pond. At the benthic interface 
the restriction in oxygen may have been an operative factor 
enhanced by the activities of heterotrophic microflora. 
These in attacking organic matter present would have further 
depleted the already limiting oxygen supply. 
That the nitrifying potential was limited in both 
aquatic systems was confirmed by the perfusion studies. 
Only during the warm months of the year did there appear 
to be present populations in the benthos which oxidized 
ammonium to any degree. Since no autrotropic ammonium 
oxidizers were isolated, indications were provided that 
such oxidations may be largely performed by heterotrophic 
populations. The substrates for such oxidations were also 
shown to be complex in nature. Though low concentrations 
of oxidized products were obtained in the perfusion systems 
with ammonium as substrate when the organonitrogen compounds, 
BNP or acetamide, were used nitrite and nitrate production 
ensued. It is strongly suggested that in situ nitri- 
t 
fication in benthic sites may derive from sequences other 
than the classical inorganic pathways. 
In both systems the capacity for denitrification 
appeared to be the most widely distributed of the nitrogen 
transforming abilities assessed. Denitrification, as would 
have been anticipated, was highest during the summer season 
when organic content and oxygen depletion were maximal. 
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In this instance Potaupog Pond reflected the greater 
denitrifying potential. In contrast to numerical levels 
the lowest potential for denitrification appeared during 
the winter which would suggest that temperature would have 
been a limiting element in this activity. 
In terms of microbial ecology both an oligotrophic 
and a eutrophic system would appear to maintain a similar 
autochthonous microflora. In each there are, as well, 
zymogenous species capable of responding to enhanced 
nutrient sources. Little autotrophic transformation appears 
to occur in these aquatic systems, and organic nitrogen 
sources would appear to be the principal resource for 
this element. 
In soil systems too, elective culture methods with 
organonitrogen compounds demonstrated that nitrification 
pathways might be present which departed from the classical 
autotrophic sequences. When nitrite was utilized as a 
substrate, a number of isolates of the genus Arthrobacter 
•t 
were identified which produced a limited amount of nitrate. 
This confirms earlier work (22,23) showing that A. qlobiformis 
produces nitrate from nitrite. When, however, the Arthro¬ 
bacter spp. were incubated with organonitrogen compounds 
previously indicated as intermediates or primary sub¬ 
strates for other nitrification sequences (13,49,56), no 
oxidized products were obtained. This suggested that other 
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raicrofloral species must be present in soil capable of 
heterotrophically nitrifying such compounds. In fact 
perfusion studies with a variety of soils with BNP and 
acetamide yielded nitrate, in the case of BNP at sub¬ 
stantiate© levels, 32 ug/ml NO~-N. It was found, more¬ 
over, that this compound had a highly selective effect 
upon microorganisms and restricted the population ten 
thousand fold. The population which was in fact stimulated 
by BNP was found to be largely pseudomonad and the most 
prominant species was characterized as Pseudomonas striata. 
This corresponds to previous observations from which pseudo¬ 
monads are known to react vigorously to exogenous nutrient 
sources and are often the majority of zymogenous respondants 
to soil amendments. Other Pseudomonas spp. have also been 
implicated in recent reports of heterotrophic nitrification 
(49,55). 
When, in addition to BNP, 1% sodium acetate was 
added as a carbon source nitrate production was suppressed. 
The implication appeared clear that sodium acetate was 
used prefenentially as a carbon substrate and the BNP-N 
0 
served primarily for assimilatory purposes. In general, 
the BNP appears to serve as a carbon source and the availa¬ 
bility of its nitrogen was conditioned by the extent to 
which the carbon skeleton is metabolized. 
In replacement cultures with a variety of organo- 
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nitrogen compounds it was found that chain length appeared 
to be related to oxidizability, and the ratio of nitrate 
to nitrite greater. With BHP the ratio was 2:1, nitro- 
propane 1.6:1, and nitroethane 1:1. Only little nitrite 
and no nitrate was formed from nitroiaethane. The involve¬ 
ment of the three carbon chain was also noted when the 
Pseudomonad was incubated with hydroxylamine and nitrite. 
No oxidized products were produced from either alone, 
but when BPL was added to the nitrite, nitrate v/as formed 
in limited amounts. In a parallel experiment, when propionic 
acid was added to nitrite, no nitrate was formed. Since 
BPL is the biosynthetic precursor of BNP it may provide 
the appropriate three carbon configuration for nitrite 
conversion by the BNP enzyme system which propionic acid 
may not offer. 
Microrespirometric studies showed BPL and nitrite 
to depress oxygen uptake in the Pseudomonad, a not unexpected 
event in view of the high toxicity of both substances. 
That nitrogen oxidation should take place under these 
circumstances would again suggest that this transformation 
is incidental to carbon metabolism. 
Growth studies with BNP and growth factors conformed 
with the view that nitrogen must be present in excess of 
assimilatory needs for nitrate production to occur. With 
a carbon source, such as glucose, the demand for assimilatory 
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nitrogen depressed nitrate yields. With peptone, however, 
rich in nitrogen, nitrate appeared in significant concen¬ 
trations. When yeast extract, with only 10% nitrogen, 
was used though growth was doubled, nitrate production 
was depressed. Thus, other variables must also be function¬ 
al in this transformation. Nonetheless, it is evident 
that given an excess of nitrogen nitrification is greatest 
at maximum cell metabolism. This was most clearly shown 
in the composition of nitrification of growing cultures 
and replacement cultures. Growing cultures and with 
nitroethane and nitropropane produce significantly more 
nitrate than replacement cultures with these two substrates. 
If one assumes that the enzymes involved in these transfor¬ 
mations are inducible, cells would adapt to the substrate 
as they are growing and product evolution would proceed 
simultaneously. In the instance with BPL the cells required 
two days to adapt to this essentially bactericidal substrate. 
Subsequently, as growth subsides, nitrate concentration 
changes correspondingly. 
A significant difference between the replacement 
culture and the growth culture was the high concentrations 
of nitrite produced by the former. This may be explained 
if one considers replacement cultures to be essentially 
resting cells and the formation of nitrite to be a peroxi¬ 
dase reaction in which the appearance of nitrite represents 
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the cleavage of the nitrite group from the carbon chain. 
Since the oxidation of nitrite to nitrate is presumed to 
be an endergonic reaction the lack of energy resources in 
replacement cultures would prohibit the further transfor¬ 
mation of.nitrite to nitrate* The limited amount of BNP, 
t i 
nitroethane, or nitropropane present cannot provide for 
the several cell divisions necessary to produce an adapted 
population. 
Studies with cell free extracts offer further confir¬ 
mation that the organism must be adapted and oxygenated 
to produce nitrate from BNP. Moreover, extracts from 
adapted cells produced significantly higher concentrations 
of nitrite. Preliminary data suggest that the addition 
of ATP enhances the conversion of nitrite to nitrate. 
Sephadex gel filtration has yielded com¬ 
ponents of two separate enzyme systems which could carry 
out nitrogen transformations. These postulated enzyme 
systems would render two different pathways: 
■* 
Pathway 1 
hooc-ch2-ch2-ono —no~ —?.n.zYFJrm N0“ 
Pathway 2 
HOOC-CH2-CH2-ONO -enzy?n.e s> N0- 
Pathway 1 would appear to entail a two step reaction in 
which nitrite is first hydrolyzed from the carbon chain. 
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and a slower oxidation to nitrate occurs subsequently. 
This is substantiated by the accumulation of nitrite in 
cell free extract studies. Since maximum production of 
both nitrite and nitrate occurred in the same protein 
fraction, it would appear that the reactions are mediated 
by a closely linked enzyme complex which has an estimated 
molecular weight of 55,000. Pathway 2 is mediated by an 
enzyme complex which produces nitrate directly from BNP. 
Maximum activity is derived much later in the elution 
sequence yielding a protein with an estimated molecular 
weight of 12,000. 
The existence of the two pathways would account for 
the consistently high yields of nitrite observed in the 
replacement culture studies i.e. resting cells. In this 
instance the conversion of nitrite to nitrate is impeded 
until other necessary metabolites may accumulate to permit 
the reaction to continue. Pathway 2 is operative in adapted 
systems where the actively metabolizing cells make available 
the reaction components which permit the sequence to go 
to completion without impedance. 
Of particular interest is the role of the three 
carbon chain in inducing the oxidation of the nitrite 
group that it carries. The diminishing capacity for nitri¬ 
fication as the carbon chain is reduced from 3 to 2 to 
1 carbon atom reflects on the significance of this charac- 
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teristic. Of greater interest is the suggestion implicit 
in this phenomenon that novel evolutionary pathways are 
present in nature whereby nitrification is stimulated in 
large microfloral populations. It would also suggest a 
broad new potential for the elucidation of such populations 




1. Similar numbers of microorganisms were present in 
the benthos of the oligotrophia and eutrophic bodies of 
water. Maximum populations were present in both systems 
in the winter and summer. 
2. The potential for eutrophication is present in most 
water systems and requires only the availability of the 
appropriate substrates. 
3. Numbers of nitrogen fixing bacteria were inversely 
proportional to the availability of nitrogen in the water 
system. 
4. Benthic regions from both bodies of water had little 
nitrifying capacity and that which was present may have 
been operable by heterotrophic pathways rather than the 
classic inorganic modes. 
5. The potential for denitrification was the most widely 
distributed nitrogen transforming ability descerned. 
Maximum denitrifying capacity was recorded during the 
summer since temperature and nutrient supply were favor¬ 
able for this transformation. 
6. Arthrobacter globiformis was shown to oxidize nitrite 
to nitrate, but could not transform organic nitrogen 
sources. 
7. The organonitrogen compound, B-nitropropionic acid, 
was found to be a suitable substrate for nitrification. 
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and had a highly selective effect upon microbial populations 
(10,000 fold reduction). The population which was stimu¬ 
lated was found to be largely pseudomonad, specifically 
Pseudomonas striata. 
8. Nitrification with BNP as substrate was found to be 
limited by the extent to which its carbon skeleton is 
metabolized and the excess concentration of nitrogen in 
the medium. 
9. Replacement and growth culture studies revealed that 
Ps. striata could produce both nitrite and nitrate from 
BNP, nitropropane, and nitroethane. With B-propiolactone 
(BPL)-nitrite as substrate nitrate was also produced by 
both culturing methods. 
10. Ps. striata produced greater concentrations of nitrate 
with substrates whose carbon skeletons are most similar 
to BNP. It was concluded that the carbon chain plays 
a unique role in inducing the oxidation of nitrite to 
nitrate. A diminishing capacity for nitrification is 
observed as the carbon chain is reduced from 3 to 2 to 
1 atom. 
11. The conversion of nitrite to nitrate .is presumed to 
be endergonic since growing cultures produce much greater 
concentrations of nitrate than replacement cultures i.e. 
resting cells. 
12. Cell free extract studies showed that exogenous oxygen is 
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necessary for the production of nitrate. 
13. The conversion of nitrite to nitrate has been shown 
to be enhanced by the addition of ATP in cell free extracts. 
14. Two separate enzyme complexes have been elucidated 
for the production of nitrate by £s. striata. One enzyme 
complex converts BNP to nitrate directly while the other 
complex first produces nitrite which is then converted 
to nitrate. The estimated molecular weight for the former 
is 12,000 and for the latter is 55,000. 
15. It is assumed that pathway 1 must be operable in 
growing cultures since primarily nitrate is produced and 
pathway 2 is functional in replacement cultures i.e. resting 
cells where high concentrations of nitrite are formed. 
16. Novel evolutionary pathways of nitrification may be 
present in nature which may be elucidated by the elective 
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APPENDIX 
1. Nessler,s determination of ammonia (4). 
Reagents: 
a) Nessler*s reagent: Dissolve 4.0 g Hgl2 and 4.0 g 
KI in about 25 ml water. Grind light-colored pieces 
of gum ghatti to a fine powder, add to about 750 ml 
boiling water and reflux about 2 hours to obtain 
maximal solution. Add the Hgl~2 - KI solution and 
make up to 1 liter. Filter, using new papers as 
needed to increase filtration rate. 
b) 3 N NaOH. 
c) Standard ammonium solution. Dissolve 33.04 mg 
(NH^)2SO^ in 100 ml water, to give 2.5 uM/ml, or 
5 uM NH*-N per ml. 
Procedure: Take a 2.0 ml sample (containing 0 to 
5 uM NH^-N). Add 2.0 ml Nessler's reagent and 3.0 ml 
3N NaOH, and mix. Read at 430 mu after 15 minutes. 
If interfering materials such as organic matter or 
glucose are present, then the ammonia must be distilled 
from the reaction mixture before it can be assayed. 
2. Phenoldisulfonic acid determination of nitrate (30). 
Reagents: 
a) Phenoldisulfonic acid. Dissolve 100 g phenol in 
600 ml cone. Add 300 ml fuming H2SO^ and 
reflux at 100° for 2 hours. 
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b) IN NaOH. 
c) NaOH - Versene. Dissolve 20 g versene (EDTA, 
tetra-sodium salt) in 200 ml water. Dissolve 
480 g NaOH in 600—700 ml water and cool. Mix 
the solutions and make up to 1 liter. 
d) Standard nitrate solution. Dissolve 50.55 mg 
4 
KNO^ in 100 ml water, to give a standard solution 
with 5 uM NO~-N per ml. 
Procedure; Pipette an aliquot into a 100 ml beaker, 
add 2.0 ml 1 N NaOH (to make alkaline to phenolphthalein) 
and evaporate to dryness. Cool, then add 2.0 ml 
phenoldisulfonic acid reagent, taking care to wet all 
of the residue. Let stand 10 minutes, then add 25 ml 
water and stir well. Add 10 ml NaOH - versene, stir, 
and cool. Read the optical density at 420 mu. 
3. Csaky's Method of Nitrite Determination (30). 
# 
Reagents: 
a) Sulfanilic acid—Dissolve 10 g sulfanilic acid per 
liter of 30% acetic acid. Heat on a water bath 
to dissolve the sulfanilic acid. 
b) Alpha-naphthylamine—Dissolve 3 g of o(- 
naphthylamine hydrochloride per liter of 30% acetic 
acid. 
Procedure: To a 3.0 ml aliquot of sample (or a smaller 
aliquot plus distilled water to make a volume of 3.0 ml) 
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in an 18 x 150 mm test tube, add 1.0 ml of the sulfanilic 
acid reagent and 1.0 ml of the ot -naphthylamine reagent. 
» 
Mix, and read the optical density against distilled 
water at 525 mu after four or five minutes. Refer the 
reading to a calibration curve prepared from standard 
solutions of nitrite. The highest standard should 
contain 1.4 ug of nitrite. Make a blank determination. 
Notes 
The c*-naphthylamine reagent decomposes quite 
readily. It was found advisable to prepare 200 ml 
batches of the reagent and to store the reagent in 
the refrigerator when not in use. 
Blank determinations usually read around .02-.03 mu. 
When the blank is reading beyond .03 mu, it is best 
to prepare a new batch of c< -naphthylamine reagent. 
4. Matsumoto*s spectrophotometric determination of B- 
nitropropionic acid (40). 
Reagents: 
a) Reagents for Csaky*s method of nitrite determination. 
b) Borax-NaOH buffer: 10 g borax is dissolved in 
600 ml water and 200 ml 0.2 N NaOH, pH at 9.5 
with NaOH or 0.1 N HC1 and make up to 2 1. 
c) Formaldehyde solution: 20 ml of 37% formaldehyde 
is made up to 75 ml with water. 
d) Dil HCl: 200 ml concentrated HCl diluted to 400 ml 
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d) Sodium acetate: Dissolve 144 g NaAc in 2 1 of 
water. 
Procedure: 
Place a 3 ml sample into a 150 ml beaker and add 
1 ml of 10% formalin and 5 ml of 0.05 M borax-NaOH 
buffer solutions. Heat the mixture at 120°c for at 
least 45 min. Thirty ml of water are added and the 
solution is cooled in an ice bath. The nitrite re¬ 
agents (2 ml) are added and the pH is adjusted to 1.0- 
1.5 with Dil HC1. After 10 min the pH is raised to 
2.0-2.5 by adding 2 ml NaAc. Approximately 35 ml of 
95% ethanol is added and the solution is transferred 
to 100 ml volumetric flask and poured up to volume 
with the ethanol. Absorbance of the color produced 
is read on a Spectronic 20 at 525 mu. 
5. Gram stain (37). 
Reagents: 
a) Crystal violet in dilute alcohol. Two g of crystal 
violet (90%) are dissolved in a solution containing 
20 ml 95% ethanol and 80 ml water. 
b) Grain's iodine. One g iodine and 2 g KI are dissolved 
in 300 ml distilled water. 
c) Safranin counter stain. Ten ml of Safranin 0 




Stain smears 1 min with crystal violet. Wash in 
tap water for not more than 2 seconds. Immerse 1 min 
in iodine solution. Wash in tap water and blot dry. 
Decolorize for 30 seconds with gentle agitation, in 
95% ethanol. Blot dry. Counterstain 10 sec with the 
safranin solution. Wash in tap water. Dry, and examine. 
Results: Gram-positive organisms, blue; gram-negative 
organisms red. 
6. Flagella stain (Leifson‘s stain) (37). 
Reagents: 
a) NH^Al(SO^)^ 212 H^O (sat aqu sol) 20 ml. 
b) Tannic acid (20% aqu sol) 10 ml. 
c) Distilled water 10 ml. 
d) Ethanol, 95% 15 ml. 
e) Basic fuchsin (sat sol in 95% ethanol 3 ml.). 
The ingredients are mixed in the order named. Keep in 
a tightly stoppered bottle, and the stain will be good 
for 1 wk, 
Procedure: 
Slides are first scrupulously cleaned with absolute 
alcohol and air dried. A smear is placed onto slide 
and allowed to air dry. The slides are flooded with 
the above solution, and allowed to stand 10 rain,at 
room temperature in warm weather or in an incubator 
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in cold weather. Wash in tap water. Dry and examine. 
Results: The flagella will stain red. A counterstain 
of methylene blue may be used which stain the cells 
blue. 






10/6 solution of MgSO^ (0.2 g/liter) 
1% solution of FeCl^ (1.0 g/100 ml) 







H2B03 (2.8 g/100 ml) 0.2 ml 
MnCl2*4H0H (1.86 g/100 ml) 0.2 ml 
CuS04*5H0H (0.2 g/100 ml) 0.2 ml 
NaMo04*2H0H (0.75 g/100 ml) 0.2 ml 
CoC12*6HOH (0.37 g/100 ml) 0.2 ml 
ZnS04-2H0H (0.25 g/100 ml) 0.2 ml 
Carbon Source 
50% glucose solution sterilized separately 20.0 ml 
The salts solution is amended with 1%-mannitol as 
a carbon source in the denitrification-nitrate reduction 
medium. 
Nitrogen sources were varied according to the outlines 
given in the Materials and Methods. 
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Agar medium was prepared by adding Bacteriological 
Grade Agar Agar (Fisher Chemical Co.) to a concentration 
of 1.5% prior to autoclaving. 
8. Yeast extract~peptone~glucose broth. The medium 
contained: 
KoHP0„ 
2 4 0.5 g 
Yeast extract 3.0 g 
Peptone 6.0 g 
Glucose 3.0 g 
Distilled H?0 1000 ml 
Glucose was autoclaved in the medium. 
The solid medium was prepared by adding 15 g Bacteriological 
Grade Agar Agar (Fisher Scientific Co.) to the broth prior 
to autoclaving. 
9. Nutrient broth and nutrient agar. The Difco preparation 
was used according to directions (12). 



















CaCO. 10 g 
11, Tha structures for the organonitrogen compounds used 



















where Kav is the partition coefficient between the liquid 
phase and the gel phase, Ve is the elution volume of the 
protein (solute) being purified, Vo is the void volume 
of the column, and Vt is the total volume of the gel bed. 

